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Abstract 
 
Macrotermitinae mounds could hold the key for designing a naturally 
ventilated human habitation using the sustainable Solar and Wind energies.  
Few attempts were made to mimic these structures into man build structures 
to achieve natural ventilation.  Yet the limited understanding of the ventilation 
mechanisms applied in these mounds and the lack of fully developed building 
technologies capable of implementing such complex designs have prevented 
its further implementation in human habitation.  A number of ventilation 
mechanisms were proposed, however, they are yet to be established.  A 
prerequisite for a thorough understanding of the ventilation mechanism is the 
comprehension of the role of the mound skin in controlling of ventilation.  This 
thesis focused on studying the flow through the porous mound skin into and 
out of the mound interior and the flow around the external skin surface.    
 
The Macrotermes michaelseni mound structure was visualised and studied in 
detail by means of field experiments to reveal its plaster-filled internal 
structure and digital scanning of a plaster-filled mound.  The dimensions and 
interconnectivity of the internal conduits were examined to establish the 
source of maximum flow resistance.  The mound skin and the built-in egress 
channels were found to be responsible for the bulk of the flow resistance. 
Computational Fluid dynamics CFD was used to predict the flow rates through 
the mound skin structure and the internal and external flow patterns.  A series 
of Micro-CFD simulations were conducted to examine the effect of egress 
channel on the predicted flow rate through the porous mound skin.  The effect 
of the mound conical shape on the external pressure distribution and flow 
patterns around and within the mound were predicted by Macro-CFD 
simulation.  Wind tunnel experiments were conducted to validate the Macro-
CFD analysis. 
 
Egress channels are present across the height of the mound stemming from a 
network of surface conduits that is directly below the mound skin.  The surface 
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conduits are highly connected to each other, to the mound central chimney 
and to the nest structure via peripheral subterranean conduits creating a 
highly connected network of air conduits.  Egress channels keep the mound 
internal conduits separate from the ambient environment under normal 
conditions of dry weather.  These channels are opened to the skin external 
surface under rainy conditions to compensate for mound skin diminished air 
permeability.  The flow through the mound skin with closed egress channels is 
highly sensitive to changes in the egress channel depth from the external skin 
surface rather than changes in the skin thickness.  Closed egress channels 
within the mound skin doubles the flow rate through the mound.  This exceeds 
the amount necessary for the colony metabolism to allow for part of the inflow 
to circulate the mound conduits and leave without reaching the subterranean 
nest structure.  Open egress channels increase the flow rate by 1.3 times that 
of closed egress channels which is necessary during rainy conditions where 
the mound skin is impermeable.  The mound spire is the most efficient in 
capturing air flow into the mound allowing just under 70% of the total flow rate 
through the mound skin.  Fresh air enters the mound from the upwind 
conduits with an internal flow velocity ranging from 3 - 12 mm/s.  Spent air 
leaves the mound interior from the lateral and downwind sides.  The mound 
conical shape results in directing the inflow downwards and the outflow 
upwards. 
 
 iv
 
 
 
 
 
 
 
 
 
 
 
 
CERTIFICATE OF ORIGINALITY 
 
 
This is to certify that I am responsible for the work submitted in this thesis, that 
the original work is my own except as specified in acknowledgments or in 
footnotes, and that neither the thesis nor the original work contained therein 
has been submitted to this or any other institution for a degree. 
 
 
 
 
 
 
 
 
…………………………………………….  ( Signed ) 
 
 
 
…………………………………………….  ( Date) 
 
 
 
 v
This thesis is dedicated to my parents 
 vi
Acknowledgments 
 
I would like to express my sincere gratitude to Henk Versteeg for his guidance 
and inspiration over the past few years.  His encouragement and confidence 
in my abilities has always pushed me forward.  Thanks are also due to Dr 
Rupert Soar for giving me the opportunity to work closely with Macrotermes 
michaelseni mounds and conduct fieldwork that was instrumental and crucial 
for my research under the TERMES Project, funded by the EPSRC.  I also 
thank him for providing me with his useful input during the early stages of this 
thesis.  
 
I am grateful to Prof. J.S. Turner of the State University of New York, 
Syracuse, USA for sharing his wealth of knowledge about termites and termite 
mounds.  Many thanks also go to Dr Liam Harrington for helping me and 
providing me with his valuable scientific input to my research and helping me 
conduct the Slice-and-Scan operation.  Special thanks go to John Webster 
who helped me design the Slice-and-Scan machine and worked along side 
me during my field work and a lot of my lab experiments.  Special thanks are 
due to Brian Mace who offered me great assistance in setting up my 
experiments in Loughborough University Fluids Lab.  I am thankful to Dr Dezhi 
Li of the Additive Manufacturing Research group who helped me conduct the 
Wind Tunnel experiments.  I thank everyone in the Additive Manufacturing 
Research group past and present for their assistance and friendship, namely 
Dr. Naguib Saleh, Dr. Oliver Godbold, Bertrand Ngem, David Brackett and 
Mark East.   
 
I would like to express my gratitude to the friends I have made at 
Loughborough University: Prof. Tarek Hassan, Dr. Ashraf El-Hamalawi, Dr. Al-
Hussain Sharaf, Ahmed Mostafa, and Yassir Ereiba 
 
Finally, my most heartfelt thanks go to my wife Dr Iman Elgayar and my family 
for their love, unfailing encouragement and support. 
 vii
Table of Contents 
 
1  Introduction ........................................................................................................ 1 
1.1  Aims and Objectives .................................................................................. 5 
1.2  Structure of Thesis: ................................................................................... 6 
 
2  A Review of Literature on Structure and Function of Macrotermitinae 
mounds ..................................................................................................................... 8 
2.1  Mound visualisation ................................................................................... 9 
2.1.1  Early mound visualisation attempts ........................................................... 9 
2.2  Mound Structure ...................................................................................... 18 
2.2.1  Morphogenesis of Macrotermitinae Mounds ........................................... 26 
2.2.2  Structural Biodiversity .............................................................................. 30 
2.3  Mound Function ....................................................................................... 33 
2.3.1  Social Homeostasis of Macrotermitinae colonies .................................... 33 
2.3.2  Existing theories for Mound Ventilation ................................................... 37 
2.4  Implications of Research on Mound Structure and Function ................... 50 
 
3  CFD modelling of Flow Through and Around Porous Structures ............... 54 
3.1  Overview of Computational Fluid Dynamics ............................................ 55 
3.1.1  Governing Equations of Fluid Dynamics ................................................. 55 
3.1.2  Solution of Navier-Stokes in CFD ............................................................ 56 
3.1.3  Discretizaton............................................................................................ 57 
3.1.4  Turbulence Modelling .............................................................................. 60 
3.2  Modelling of Flow through Porous Media ................................................ 66 
3.3  Modelling of Flow around Structures ....................................................... 69 
3.4  Conclusion .............................................................................................. 71 
 
4  Analysis of Macrotermes michaelseni Mound Structure ............................. 73 
4.1  Revealing Mound Internal Structure ........................................................ 74 
4.1.1  Reveal of Plaster-Filled Mound and Subterranean Structures ................ 74 
4.1.2  Mound Scanning and Reconstruction ...................................................... 78 
4.2  Mound External Topology ....................................................................... 94 
4.3  Mound conduit and Nest Structures ........................................................ 96 
 viii
4.3.1  Structure of Mound Conduits ................................................................... 96 
4.3.2  Subterranean nest and conduit structure .............................................. 104 
4.4  Mound Skin and Egress Channels ........................................................ 108 
4.4.1  Structure and Dimensions of Skin and Egress Channels ...................... 108 
4.4.2  Mound skin permeability and Porosity ................................................... 114 
4.4.3  Flow Regime within the Mound skin ...................................................... 118 
4.5  Discussion and Conclusions ................................................................. 119 
 
5  Analysis of Flow through Mound Skin and Effect of Egress Channels .... 125 
5.1  Micro-CFD Analysis of the effect of Egress channels on Flow 
through Mound Skin ........................................................................................... 126 
5.1.1  CFD Model Geometry ........................................................................... 127 
5.1.2  Boundary Conditions ............................................................................. 129 
5.1.3  Meshing of CFD Model .......................................................................... 130 
5.1.4  Results and Analysis ............................................................................. 131 
5.1.5  Smoke Experiment ................................................................................ 135 
5.2  Sensitivity of Flow Rate to Variation of Egress Channel Dimensions .... 137 
5.2.1  Method .................................................................................................. 138 
5.2.2  Results and Analysis ............................................................................. 140 
5.3  Rate of Air Inflow across the Mound height ........................................... 142 
5.3.1  Method .................................................................................................. 143 
5.3.2  Results and Analysis ............................................................................. 148 
5.4  Discussion and Conclusions ................................................................. 149 
 
6  Effect of the  Macrotermes michaelseni Mound Topology on the Flow 
Patterns Through and Around the Mound skin ................................................. 152 
6.1  Effective Mound Skin Thickness ............................................................ 153 
6.1.1 ANOVA Analysis of Effective Skin Thickness t* ....................................... 154 
6.2  Modelling Methodology of Flow Around and through 3D Mound 
Skin Model ....  …………………………………………………………………………156 
6.2.1  CFD Model Geometry ........................................................................... 156 
6.2.2  Boundary Conditions ............................................................................. 159 
6.2.3  CFD Model Inputs ................................................................................. 161 
6.2.4  Meshing ................................................................................................. 162 
 ix
6.3  Results and Analysis of Flow Simulation around and through 3D 
Mound Skin Model ............................................................................................. 164 
6.3.1  Mesh Dependency Study ...................................................................... 164 
6.3.2  Skin 3D Model Simulation ..................................................................... 164 
6.4  Discussion and Conclusions ................................................................. 178 
 
7  Validation of CFD Simulation for flow around and through a conical 
structure with porous walls ................................................................................. 182 
7.1  Wind Tunnel Experiment ....................................................................... 182 
7.1.1  Wind Tunnel Model Design and Fabrication .......................................... 184 
7.1.2  Wind Tunnel Experimental Procedure ................................................... 192 
7.1.3  Wind Tunnel Experiment Results .......................................................... 196 
7.2  CFD Simulation of Wind Tunnel Experiment ......................................... 201 
7.2.1  CFD Modelling Method .......................................................................... 201 
7.2.2  CFD Simulation Results and Analysis ................................................... 206 
7.3  Discussion and Conclusions ................................................................. 215 
 
8  Conclusions and Future Work ...................................................................... 218 
8.1  Mound Internal and External Topology .................................................. 218 
8.2  Mound Skin and Egress Channels ........................................................ 220 
8.3  Flow around and through the Mound Model .......................................... 221 
8.4  CFD Model Validation ........................................................................... 223 
8.5  Contributions of This Study ................................................................... 223 
8.6  Limitations of this Study ........................................................................ 225 
8.7  Suggestions for Future Work ................................................................. 227 
 
9  References ..................................................................................................... 229 
 
 x
List of figures 
 
Figure 1.1: a) Glasshouse at the Royal botanical gardens at Kew that 
attempts to adopt the ventilation mechanisms in termite mounds. b) a 
schematic of the Kew glasshouse and the underlying labyrinth system 
simulating the cellar structure in the Macrotermes bellicosus mounds. Adapted 
from (Sweet 2006) ............................................................................................ 2 
Figure 1.2: The Harare Eastgate Centre with tall chimneys along its roof. 
Adapted from (Tzonis et al. 2001). ................................................................... 3 
Figure 1.3: Macrotermes michaelseni termite mound in Namibia, Southern 
Africa ................................................................................................................ 4 
Figure 2.1: Distribution of Fungus farming social insects (Batra and Batra 
1979) ................................................................................................................ 8 
Figure 2.2: The revealed internal structure of Macrotermes bellicosus mound 
which shows the set concrete which solidified in the tunnels and cavities 
inside the mound before washing. Courtesy of (Ruelle 1962) ........................ 10 
Figure 2.3: Vertical section through a Macrotermes michaelseni mound (east 
Africa) showing the internal channels and the nest. Courtesy of (Darlington 
1985) .............................................................................................................. 11 
Figure 2.4: Odontotermes tanganicus, vertical section through the nest. 
Vertical shafts and connecting passages are marked with white paint. 
Courtesy of (Darlington 1997) ........................................................................ 12 
Figure 2.5: Digitised images of a horizontally sectioned Macrotermes 
michaelseni mound (0.2 - 1.4 m above the ground surface) courtesy of 
(Turner 2000a) ............................................................................................... 14 
Figure 2.6: Digitised images of a vertically sectioned (0.5 m 
thick)Macrotermes michaelseni mound presented in (Turner 2000a) ............ 15 
Figure 2.7: A 2D polyline drawing by tracing the edges of the channels/voids 
of one of the images produced by (Turner 2000a). Each colour represents 
different channel type. Yellow: lower and middle chimney, blue: lateral 
connectives, green surface conduits, and pink: upper chimney (Soar 2004). 17 
Figure 2.8: All the 2D CAD sections grouped in one file in Rhineceros 3.0 
(Soar 2004). ................................................................................................... 17 
Figure 2.9: Image taken from a prototype of the internal geometry of 
Macrotermes michaelseni mound vertical sections that were produced in 
(Turner 2000a). .............................................................................................. 18 
Figure 2.10: Foraging channels that extend to 50 m (Darlington 1982) ......... 19 
Figure 2.11: Odontotermes tanganicus nest and mound structures. A: air 
channel, B: Fungus Comb Chamber, and C: Royal Cell. Adapted from 
(Darlington 1997) ........................................................................................... 20 
Figure 2.12: Macrotermes Jeanneli mound where A: foraging channels, B: 
fungus combs, C: nurseries, D: Royal Cell, E empty terminal chambers, F: 
 xi
outwash pediment, G: Basal Hump and H: Chimney. Adapted from (Darlington 
et al. 1997) ..................................................................................................... 21 
Figure 2.13: Macrotermes subhyalinus nest and mound structure. A: foraging 
channels, B: fungus combs, C: nurseries, D: Royal Cell, and E: outwash 
pediment. Adapted from Darlington (1984) .................................................... 22 
Figure 2.14: a) Macrotermes bellicosus mound structure. A: foraging 
channels, B:Pillar supporting the base plate, C:Cellar, D: Spiral base plate, E: 
Nurseries, F: Royal Cell, G: Fungus Combs, H: Ridges, I: Central Chimney, J: 
Surface conduits, K: lateral connectives. Adapted from (Korb and Linsenmair 
1998b). b) The cellar under the nest of Macrotermes bellicosus and c) the 
spiral clay vanes in underside of the base plate (cellar top) ........................... 23 
Figure 2.15: External structure of Macrotermes michaelseni mound (image 
obtained for a Macrotermes michaelseni mound located in Omatjenne 
Research Station, Otjiwarongo, Namibia). ..................................................... 24 
Figure 2.16: Internal structure of structure of Macrotermes michaelseni 
mound. A: foraging channels, B: royal cell, C: nurseries, D: Fungus Combs E: 
central chimney, F: lateral connectives, G, Surface Conduits, and H, porous 
Mound walls.  Adapted from (Schuurman and Dangerfield 1996) .................. 25 
Figure 2.17: A model of mound morphogenesis in the Macrotermitinae 
mounds (Turner 2000a) ................................................................................. 27 
Figure 2.18: a) Macrotermes bellicosus mound covered by polythene sheet, 
and b) the effect of this on the mound which grew higher up to capture more 
wind (Ruelle 1962) ......................................................................................... 28 
Figure 2.19: Termitomyce fungus emerging from the sides of mound during 
the fungus fruiting season. Obtained from images taken for Macrotermes 
michaelseni mounds in the Omatjenne Research Station, Namibia ............... 28 
Figure 2.20: Schematic diagrams of the Macrotermes bellicosus mounds in a) 
Savannah and b) forest. Adapted from (Korb and Linsenmair 1998b) ........... 31 
Figure 2.21: Comparison between the size of the southern African (a) and 
East African (b) Macrotermes michaelseni mounds. Adapted from 
(Schuurman and Dangerfield 1996). .............................................................. 32 
Figure 2.22: Course of temperatures of a Macrotermes bellicosus mound in 
the open savannah during several days. Fungus garden: ……  and, Ambient 
air: ____. Adapted from (Korb and Linsenmair 1998a) .................................. 36 
Figure 2.23: The annual temperature in the nest of a Macrotermes 
michaelseni colony in northern Namibia compared to the ground temperature 
15 m away and at 1m depth (Turner and Marais 2007). ................................ 36 
Figure 2.24: Oxygen concentration in several nests of Macrotermes 
michaelseni. Symbols represent means +/- 1 standard deviation. Mound size 
is a surrogate for colony metabolic demand (Turner and Soar 2008). ........... 37 
Figure 2.25: Schematic diagram for a cross section through a Macrotermes 
bellicosus mound showing the temperature and CO2 % in different localities 
inside the mound. Adapted from (Lüscher 1961) ........................................... 39 
 xii
Figure 2.26: LHS is the temperature measurements and RHS are the carbon 
dioxide percentages in the locations shown in Figure 2.25: a) fungus combs at 
the bottom of the nest, b) nest c) upper chimney, d) upper part of the ridges, 
e) lower part of the ridges, and f) Cellar (Lüscher 1961). ............................... 39 
Figure 2.27: The Thermosiphon mechanism for colony ventilation, due to 
Lüscher (1961) demonstrated on the Macrotermes michaelseni mound 
structure. Gases are driven by buoyancy around a cycle, exchanging heat, 
oxygen, carbon dioxide and water with the external atmosphere (Turner 
2000a). ........................................................................................................... 40 
Figure 2.28: schematic diagram showing the unidirectional ventilation 
mechanism in Macrotermes subhyalinus  Adapted from (Darlington 1984) ... 41 
Figure 2.29: schematic diagram showing the unidirectional ventilation 
mechanism in Macrotermes Jeanneli. Adapted from (Darlington et al. 1997) 42 
Figure 2.30: Schematic diagram of Macrotermes bellicosis mounds in the 
open savannah areas showing the direction of flow inside the mound at day 
(a) and night (b) times. Adapted from (Korb 2003) ......................................... 43 
Figure 2.31: Schematic diagram of Macrotermes bellicosis mounds in the 
gallery forest areas showing the direct ion of flow inside the mound. Adapted 
from (Korb 2003) ............................................................................................ 45 
Figure 2.32: Schematic diagram of colony of Odontotermes transvaalensis 
(Turner 1994). ................................................................................................ 47 
Figure 2.33: 3D image of flow entering the mound from the upwind side (in 
pink) and flow leaving the mound interior from the lateral and downwind sides. 
Adapted from (Turner 2008) ........................................................................... 48 
Figure 2.34: a) patterns of flow inside a Macrotermes michaelseni mound 
showing the three different flow regimes depicted by Turner (2001) (figure was 
adapted from (Turner 2001)) and b) the corresponding flow regime inside a 
mammalian Lung (figure was adapted from (Turner and Soar 2008)) ............ 50 
Figure 3.1: An example of a) 2D structured mesh, b) 2D structured multi-block 
mesh and c) 2D unstructured mesh. Adapted from (Centre for Computational 
Technologies Anon 2008b) ............................................................................ 59 
Figure 3.2: a) Australian magnetic termite mounds (Sebo 2002), b) Masonry 
prototype structure that was built to simulate passive ventilation mechanisms 
in buildings (Chawynski et al. 2003), and c) computer model for the prototype 
building that was created in GAMBIT (version 2.0.4). Adapted from 
(Chawynski et al. 2003) .................................................................................. 71 
Figure 4.1: Macrotermes michaelseni mound M1 coated in 75mm plaster 
showing the three plaster filling points. .......................................................... 76 
Figure 4.2: Mound M1 during the process of removing the 75mm plaster layer 
before starting the washing process. .............................................................. 77 
Figure 4.3: Washing of the subterranean structure of mound M3 using high 
pressure water ............................................................................................... 77 
Figure 4.4: a) showing the partly revealed structure after the end of the 
second washing stage, b) part of the mound during the third stage of mound 
 xiii
reveal, and c) the filled internal mound structure after the end of the mound 
reveal process. ............................................................................................... 78 
Figure 4.5: part of a 3D model of a male cadaver produced from the anatomic 
images (Anon 2003) ....................................................................................... 80 
Figure 4.6: CGI machine while performing the Slice-and-Scan operation 
Crump (2006). ................................................................................................ 81 
Figure 4.7: CAD drawing for the front (a) and side (b) views for the slice-and-
scan machine showing the machine dimensions, working range/height of 3.9 
m, slicing module, and the gantry carrying the slicing module. ...................... 83 
Figure 4.8: Slicing Module (in Red) partly showing the X-Y gantry system .... 84 
Figure 4.9: a) The assembled slicing module head including the aluminium 
alloy disc (b) and the tungsten carbide slicing teeth (c) attached to the disc. (d) 
Shows a typical fly-cutter on which the slicing module head design was based 
upon. .............................................................................................................. 85 
Figure 4.10: the slicing disc path while slicing the mound at the base level. .. 86 
Figure 4.11: a) Aluminium box containing the 8MP digital SLR camera that 
was used as the scanning module, and b) 2KW halogen light that was used to 
illuminate the sliced surface during night time scanning. c) The custom Slice-
and-scan machine assembly showing the mechanical structure, slicing 
module, and scanning module. ...................................................................... 88 
Figure 4.12: The Electric Control box designed for the automatic and manual 
control of the machine operation.  a) Control box cover including the manual 
control panel and b) the box interior showing the electronic circuitry including 
the 3 AC motor drives and the SMC PLC controller ....................................... 87 
Figure 4.13: The six stages of the slice and scan machine operation which 
resulted in a complete data set of the mound in terms of 2D image. a) Manual 
descent of 1/2mm, b) Slice away a 1/2mm layer from the mound, c) Blow 
away dust off the cut surface using compressed air, d) Spray water on the cut 
surface to improve clarity and contrast between the mound material and 
plaster of the cut surface, e) Capture the image of the cut surface, and f) Save 
the captured image in the slice-and-scan image data base ........................... 90 
Figure 4.14: A sample TIFF images from the mound image data set produced 
by the custom built slice-and-scan machine ................................................... 91 
Figure 4.15:A snap shot from MIMICS 9.01 showing a mask being edited to 
include areas with different thresholds in the same mask due to the presence 
of a shadow. ................................................................................................... 93 
Figure 4.16: A 3D model of a mound section generated in MIMICS9.01 from 
the corresponding scanning day images. ....................................................... 93 
Figure 4.17: Triangle reduction algorithm applied to an STL file. (MAGICS 
2006). ............................................................................................................. 93 
Figure 4.18: A ghosted 3D model of the Macrotermes michaelseni mound that 
was concatenated and assembled in MAGICS RP 9.9from the mound section 
created in MIMICS 9.01.................................................................................. 94 
 xiv
Figure 4.19: Vertical section through the middle of the constructed 3D model 
of Macrotermes michaelseni mound showing the external topology resembling 
that of three concatenated conical frustums named Top1000, Mid500, and 
Bot500 mound sections. ................................................................................. 95 
Figure 4.20: Horizontal slice through the reconstructed 3D mound model 
(700mm above the model base) in the Mid500 mound section showing 
surface conduits highlighted in green showing the near-circular cross section 
of surface conduits. ........................................................................................ 97 
Figure 4.21: Revealed internal structure of mound M2 showing the surface 
conduits, branching of surface conduits, the mesh like structure formed by 
vertical surface conduits and its lateral branching, and their convergence at 
ground level traced in black and highlighted in red. ....................................... 98 
Figure 4.22: (a-c): Three sections (two vertical + one horizontal) through the 
reconstructed mound 3D model intersecting in the central chimney section 
showing the chimney (Olive), lateral connectives (Grey), and surface conduits 
(Green). ........................................................................................................ 100 
Figure 4.23: a vertical sections through the negative of the reconstructed 3D 
mound (void 3D model) showing the central chimney (olive) and surface 
conduits (green). .......................................................................................... 101 
Figure 4.24: Horizontal slice through the reconstructed 3D mound model 
(140mm above the model base) in the Bot500 mound section showing Lateral 
connectives highlighted blue connecting the central chimney highlighted in 
Olive to vertical conduits and not the surface conduits. ............................... 103 
Figure 4.25: Horizontal slice through the reconstructed 3D mound model 
(720mm above the model base) at the Bot500 mound section showing lateral 
connectives highlighted (blue) connecting the central chimney (olive) to the 
surface conduits (green) and Vertical conduits (grey). ................................. 103 
Figure 4.26: a) Horizontal slice through the reconstructed 3D mound model 
(1300mm above the model base) at the Top1000 mound section showing 
lateral connectives between surface conduits in opposite mound sides 
highlighted by A-A’ line. ................................................................................ 104 
Figure 4.27: Image taken for a vertical section through a Macrotermes 
michaelseni nest in Namibia showing the subterranean section of a nest, 
fungus combs, and the connecting channels (image reproduced with 
permission from J. S. Turner) ....................................................................... 105 
Figure 4.28 (a-b): A close up of two images from the slice-and-scan data of 
the nest of M4. (a) A section just above the royal chamber highlighted by a 
dashed red line showing the small air channels (white) connecting royal 
chamber to the air space in the nest. (b) A section through the middle of the 
royal chamber showing the air space within the royal chamber (white) ....... 106 
Figure 4.29: Part of the subterranean revealed structure of the plaster filled 
mound M3 showing the distinction between surface conduits and peripheral 
subterranean conduits. ................................................................................. 107 
Figure 4.30: Part of the washed subterranean structure of a plaster filled 
mound M3. ................................................................................................... 108 
 xv
Figure 4.31: The outermost egress channel structure emergence during the 
initial stages of mound M1 wash. a) Egress channels emerging 
perpendicularly with circular cross section, and b) egress channels emerging 
inclined ......................................................................................................... 109 
Figure 4.32: The egress channels structure of a revealed mound. a) late 
stages of mound skin removal, and b) a close up on the revealed spire 
section. ......................................................................................................... 109 
Figure 4.33: a-d) Four consecutive images from slice and scan data set 
showing the egress channel stemming from a surface conduits and stopping 
short of the mound external surface.  e-f) A close up on (d) showing how ts, de, 
and d were measured. ................................................................................. 111 
Figure 4.34: a) image taken for spire section of mound M1 skin showing the 
emergence of egress channels structure during the initial stages of revealing 
its plaster filled internal structure. ................................................................. 113 
Figure 4.35: a-b) One of the two samples drilled from the mound skin and 
encased in silicone ready for testing in the permeability apparatus ............. 114 
Figure  4.36: Custom-built permeability apparatus including the pressure 
tappings for pressure measurement, flange assembly and the hot film 
anemometer (HFA) Velaport 20 that was used to measure the velocity. ..... 115 
Figure 4.37: a schematic of the custom-built permeability apparatus in Figure 
4.36 showing the flow direction, pressure and velocity measurement points 
and the flange assembly where each of the samples were placed. ............. 115 
Figure 4.38: Pressure gradient ΔP against the superficial velocity v of a 
mound skin sample 2.  A trend line (R2 =0.995) was generated for ΔP ranging 
from 100-700 Pa to show the linear relationship in this range. ..................... 119 
Figure 5.1: A schematic of Model B showing the location of the egress 
channel depth and egress channel differential pressure areas that were used 
in Equation 5.1 ............................................................................................. 128 
Figure 5.2: The axi-symmetric geometries of Models A, B, and C that were 
built in Gambit 2.3.16 for simulation of flow of air through a skin sample with 
no egress channel, with closed egress channel and with an open egress 
channel in Fluent 6.2.16 respectively ........................................................... 128 
Figure 5.3:  Model B meshed in Gambit using quadrilateral mesh with 
resolution of Mesh 4. .................................................................................... 130 
Figure 5.4: Static pressure vs axial distance in skin region (0 – 39.15 mm) 
along the symmetry axis of Models A, B, and C ........................................... 133 
Figure 5.5: Velocity vector diagram in the circled section of the computational 
domain at the bottom (scale of 6:1) showing the convergence of flow to the 
closed egress channel in Model B.  The resulting jet at the egress channel exit 
is shown velocity contour diagram at the bottom. Red represents maximum 
speed while blue represents minimum speed. The maximum velocity at the 
skin surrounding the egress channel is 0.051 m/s and the maximum speed at 
the egress channel is 0.87 m/s ..................................................................... 134 
 xvi
Figure 5.6: Velocity vectors diagram in the circled section of the computational 
domain at the bottom  (scale of 6:1) showing the convergence of flow to the 
open egress channel in Model C. The jet formed at the open egress channel 
exit is shown in velocity contour diagram at the bottom. Red represents 
maximum speed while blue represents minimum speed. The maximum 
velocity at the skin surrounding the egress channel is 0.25 m/s at the vicinity 
of the egress channel entrance. The maximum speed at the egress channel is 
4 m/s. ........................................................................................................... 135 
Figure 5.7: Modified flange assembly in custom-made permeability apparatus 
to accommodate the transparent PVC pipe where white smoke was injected to 
investigate the presence of jet flow in the downstream of samples with closed 
egress channels by applying a pressure differential across the sample. ...... 136 
Figure 5.8: Visualized jet flow in the exit region of mound section Model B. 
White smoke was injected into the transparent 200 mm long PVC pipe placed 
in the middle of the flange assembly after applying a differential pressure 
across the part.  White smoke was generated from Shell Ondina 917 Oil using 
the Teknova RG-100 smoke generator ........................................................ 137 
Figure 5.9: Effective skin thickness t* vs egress depth de for each of the skin 
thickness ts values for each of the nine models in the Top1000 mound section.
 ..................................................................................................................... 141 
Figure 5.10: Effective skin thickness t* vs egress depth de for each of the skin 
thickness ts values for each of the nine models in the Mid500 mound section.
 ..................................................................................................................... 141 
Figure 5.11: Effective skin thickness t* vs egress depth de for each of the skin 
thickness ts values for each of the nine models in the Bot500 mound section.
 ..................................................................................................................... 142 
Figure 5.12: schematic of the upwind quadrant of the mound (grey) showing 
the area affected by the positive upwind pressure (light grey) which was used 
to approximate the area correction factor fA. ................................................ 144 
Figure 5.13: The external pressure distribution of the upwind and lateral sides 
on the mound along with the corresponding mound height.  For illustrative 
purposes the lateral quadrant pressure is shown on the downwind quadrant 
position.  Pressure values are adapted from the data provided in (Turner 
2001) ............................................................................................................ 146 
Figure 6.1: Macrotermes michaelseni mound with untitled spire that is 
protected from the sun radiation in the shadow of a tree without blocking the 
wind flow ...................................................................................................... 157 
Figure 6.2: Side view of computational domain showing the three zones 
comprising the computational domain; Core, Skin, and Box zones .............. 157 
Figure 6.3: Side view of hollow mound 3D model showing the grand mean 
effective skin thickness t* and the three conical frustums representing the 
Top1000, Mid500, and Bot500 mound sections. .......................................... 158 
Figure 6.4: The computational domain and its boundary conditions showing 
the symmetry boundary and half the 3D hollow mound model. .................... 159 
 xvii
Figure 6.5: Wind velocity profile of mean velocity values at heights of 0.5, 1.5, 
2.5, 3, and 4 m adapted from wind velocity data in Turner (1997). .............. 161 
Figure 6.6: Unstructured tetrahedral Mesh 4 for the Core, Skin and Box zones 
of the CFD computational domain ................................................................ 162 
Figure 6.7: Five planes sectioning the symmetric computational domain, x-y 
plane, x-z plane, horz1-plane, horz2-plane, and horz3-plane where the model 
outer and inner flow visualised and velocities recorded ............................... 165 
Figure 6.8: Velocity vector diagram showing the flow of air surrounding the 3D 
model in the Vert1 plane. ............................................................................. 166 
Figure 6.9: A close up on the velocity vector diagram showing air flow around 
the outer edges of the skin model. All dimensions are in m/s....................... 166 
Figure 6.10: Velocity vector diagram of the external wind flow around the 
mound in the Horz1 plane showing the flow separation at the lateral quadrants 
and the wake flow behind the downwind flow. All dimensions are in m/s ..... 167 
Figure 6.11: Velocity vector diagram showing the flow of air surrounding the 
3D model in the Horz2 plane. All dimensions are in m/s .............................. 168 
Figure 6.12: Velocity vector diagram showing the flow of air surrounding the 
3D model in the Horz3 plane. All dimensions are in m/s .............................. 169 
Figure 6.13:  Pressure contours diagram showing the external static pressure 
on the upwind, lateral, and downwind quadrants. All pressure readings are in 
Pa ................................................................................................................. 170 
Figure 6.14: Velocity vector diagram of a vertical line through the middle of the 
input boundary showing the wind profile at the input boundary which is 
parabolic until the height of 2.5m and linear from 2.6-4m (mound top - the top 
boundary of the computational domain. ....................................................... 171 
Figure 6.15: Velocity vector diagram showing the inner flow in the 3D skin 
model at the Vert1 plane. For better representation of low speeds all 
dimensions are in mm/s ............................................................................... 172 
Figure 6.16: Velocity vector diagram showing the inner flow in the 3D skin 
model at the Vert2 plane. For better representation of low velocity 
magnitudes, all dimensions are in mm/s. ..................................................... 173 
Figure 6.17: a) Top view and two side views (b and c) of Horz1 plane showing 
the velocity vector diagram for the inner flow in the 3D skin model at Horz1 
plane.  For better representation of low speeds all dimensions are in mm/s 175 
Figure 6.18: a) Top view and two side views (b and c) of Horz2 plane showing 
the velocity vector diagram for the inner flow in the 3D skin model.  For better 
representation of low speeds all dimensions are in mm/s ............................ 176 
Figure 6.19: a) Top view and two sides views (b and c) of Horz3 plane 
showing the velocity vector diagram for the inner flow in the 3D skin model.  
For better representation of low speeds all dimensions are in mm/s ............ 177 
Figure 7.1: Open Jet Wind Tunnel with a wooden platform placed in the 
working area.  The wind tunnel is located in the Automotive and Aeronautical 
Engineering Department in Loughborough University .................................. 183 
 xviii
Figure 7.2: Conical frustum CAD model designed in Rhinoceros 3.0 to be 
placed in the wind tunnel. a) represents the assembled model from the two 
conical frustums representing the two layers of the skin shown in (b) and the 
solid core that was designed to support the weight of the porous skin with 
glass beads and for placing pressure tappings shown in (c).  All dimensions 
are in mm ..................................................................................................... 185 
Figure 7.3: Bottom view of the base flange showing the bottom end of the 
pressure tappings where the ø8 mm flexible tubing was attached. .............. 186 
Figure 7.4: Physical model base orientation at the four directions of upwind, 
Lateral 1, Downwind, and Lateral 2 to measure the static pressure and 
velocity at each of these orientations ........................................................... 187 
Figure 7.5: Wind tunnel model partially filled with the glass beads showing the 
knots generated on outer skin face gauze to reinforce it against the glass 
bead weight. ................................................................................................. 188 
Figure 7.6: Filling the gap between the skin inner and outer faces with Guyson 
Honite 8 glass beads. ................................................................................... 189 
Figure 7.7: Apparatus for permeability of glass beads measurement. (1) inlet 
pipe, (2) outlet pipe, (3) pressure measurement ports, (4) velocity 
measurement port and (5) anemometer. ...................................................... 190 
Figure 7.8: cylinder and two flanges assembly for holding glass beads. (1) 
Metallic cylinder, (2) Flanges and (3) Fixing screw. ..................................... 191 
Figure 7.9: a) Synthetic gauze used to contain the glass beads at one end. 
Metallic washer was used to attach the gauze using silicone binder. b) Glass 
beads filled inside one half of the cylinder flange assembly. ........................ 191 
Figure 7.10: The pressure gradient against the superficial velocity for glass 
bead sample enclosed in the cylinder flange assembly. .............................. 192 
Figure 7.11: Physical Model arrangement in Wind Tunnel. a) Wind tunnel 
model fitted on top of a wooden box that was attached to a wooden circular 
disk. b) Wooden platform fitted in the wind tunnel working area. c)  Physical 
model placed in the wind tunnel working area ready for wind tunnel 
experiment ................................................................................................... 193 
Figure 7.12: External surface static pressure SP and external velocity EV 
measurement locations. All dimensions are in mm. ..................................... 194 
Figure 7.13: Custom made pressure probe placed on the external surface of 
the physical model oriented in the upwind direction. .................................... 195 
Figure 7.14: Velaport 20 HFA that was used to measure external velocities at 
distance of 25 mm away from the model external surface. .......................... 196 
Figure 7.15: Cross section in the centre of the computational domain showing 
the four zones comprising the CFD model ................................................... 202 
Figure 7.16: Computational domain highlighting the boundary conditions. .. 203 
Figure 7.17: Unstructured tetrahedral Mesh 3 on the boundaries of the 
Warea/flow domain zone of the computational domain ................................ 204 
 xix
Figure 7.18: Close up of the unstructured tetrahedral surface mesh for Mesh 3 
on the Skin zone of the computational domain ............................................. 204 
Figure 7.19: A central section through the central plane of Mesh 3 showing the 
internal mesh inside the flow domain highlighting the transition between the 
Skin and Warea zones ................................................................................. 205 
Figure 7.20: Two planes sectioning the computational domain, x-z plane (Vert) 
and x-y plane (Horz) where the model outer and inner flow visualised ........ 207 
Figure 7.21:  Path lines diagram for the external and internal flow stream on 
the Vert Plane showing the Wake flow and flow direction inside the mound 208 
Figure 7.22: Velocity vector diagram for the flow of air surrounding the 3D 
model in the Horz plane showing the Wake flow. ......................................... 209 
Figure 7.23: A close-up on the Wake flow in Horz Plane showing the vertical 
orientation of the flow in the wake and the internal flow in the four conduits 
where it is downward in the upwind conduits and upwards in the lateral and 
downwind conduits. Velocity is in m/s. ......................................................... 209 
Figure 7.24: Pressure contours diagram showing the external static pressure 
on the upwind, lateral, and downwind quadrants. All pressure readings are in 
Pa ................................................................................................................. 211 
 
 xx
List of Tables 
Table 2-1: Estimates of surface areas, mound volume and cavity/channel 
volume of one horizontally sectioned and two vertically sectioned mounds.  
Data obtained from (Turner 2000a) ................................................................ 13 
Table 4-1: Dimensions of the three conical frustums representing the three 
mound sections Top1000, Mid500 and Bot500 mound sections. ................... 95 
Table 4-2:  The central chimney diameter at different heights (bottom to top) in 
each of the Mid500 and Bot500 mound sections ......................................... 101 
Table 4-3: The lateral connectives diameters at different heights (mound 
bottom to top) in each of the Mid500 and Bot500 mound sections. .............. 104 
Table 4-4: Diameter of the peripheral subterranean conduits measured of 
mound M3. ................................................................................................... 107 
Table 4-5: The mean Standard deviation, minimum, maximum, and the grand 
mean values of for ts, d, and de for the three mound sections. All dimensions 
are in mm. .................................................................................................... 112 
Table 4-6: Pressure gradient ΔP across samples 1 and 2, and the 
corresponding downstream velocity magnitude v and permeability K. ......... 117 
Table 5-1: Boundary conditions and Model Domain inputs for models A, B, 
and C. the pressure inputs are based on differential pressure results obtained 
from (Turner 2001). The turbulence length scale is based on the diameter of 
Models A, B, and C. The viscous resistance is the permeability figure inverse 
and the inertial resistance is zero due to the low pressure and resulting low 
pore velocities. ............................................................................................. 129 
Table 5-2: The resolution and cell count of the four tested meshes. The size of 
each mesh is half that of the preceding mesh. ............................................. 131 
Table 5-3: The mass flow rate of the each mesh iteration and the percentage 
change between every tow consecutive mass flow rate values. .................. 131 
Table 5-4: the mass flow rate through Models A-C and the percentage 
difference of each model with respect to Model A ........................................ 132 
Table 5-5: Nine samples created for each of the Top1000, Mid500, and 
Bot500 mound sections. All dimensions are in mm ...................................... 139 
Table 5-6: The calculated t* values of the Top1000, Mid500, and Bot500 
mound sections. All dimensions are in mm .................................................. 140 
Table 5-7: Differential pressure ΔP for the Top1000, Mid500, and Bot500 
mound sections that was calculated using equation 5.8 .............................. 146 
Table 5-8: The skin thickness t, effective surface area, and flow velocity 
through the mound skin that were used to calculate the mass flow rate 
through mound skin using equations 5.5, and 5.8. ....................................... 147 
Table 5-9: Volumetric flow rate of air into mound Top1000, Mid500, Bot500 
sections in the three scenarios of no egress and closed egress, and open 
egress channels in the Top1000. ................................................................. 148 
 xxi
Table 6-1: The calculated effective skin thickness t* values for the Top1000, 
Mid500, and Bot500 mound sections in Chapter 5. All dimensions are in mm
 ..................................................................................................................... 154 
Table 6-2: The mean t* values for each mound section, grand mean t* (in mm), 
SSW, and SSB values for Top1000, Mid500, and Bot500 mound sections and 
the sum of three values for SSW and SSB................................................... 155 
Table 6-3: Values of MSB and MSE obtained using df(B) and df(W). .......... 155 
Table 6-4: Mesh element size for each of the computational domain zones 
and the total number of mesh elements. ...................................................... 163 
Table 6-5: Mass flow rate through the upwind half for each mesh and the 
percentage difference between that of Mesh 1 & 2, Mesh 2 & 3, and Mesh 3 & 
4. .................................................................................................................. 164 
Table 7-1: External static pressure at the Upwind, downwind, and lateral 
quadrants of the physical model at locations SP10, SP90, SP170, and SP260. 
All pressures are gauge pressures in Pa. .................................................... 197 
Table 7-2: Internal static pressures at the upwind, downwind, and lateral 
quadrants of the physical model at locations IP10, IP90, and IP170. All 
pressures are gauge pressures in Pa. ......................................................... 197 
Table 7-3: pressure coefficient Cps for the external static pressure at points 
SP10- 260 for the three wind tunnel speeds. ............................................... 199 
Table 7-4: Pressure coefficient CpI for the internal static pressure at points 
IP10-170 for the three wind tunnel speeds. .................................................. 199 
Table 7-5: External velocity at the upwind, downwind, and lateral quadrants of 
the physical model at locations EV10, EV90, EV170, and EV260. All 
dimensions are in m/s .................................................................................. 199 
Table 7-6: Normalized external velocity at the Upwind, downwind, and lateral 
quadrants at locations EV10, EV90, EV170, and EV260 for three wind tunnel 
speeds.......................................................................................................... 200 
Table 7-7: Four mesh resolutions that were used to conduct the mesh 
dependency study. Dimensions are in mm .................................................. 205 
Table 7-8: Comparison of differential pressure at points SP90 for the four 
meshes and the percentage difference.  Units of Pressure difference SP90-
IP90 are Pa. ................................................................................................. 207 
Table 7-9: External static pressure at the upwind, downwind, and lateral 
quadrants of wind tunnel experiment, and CFD simulation at locations SP10-
SP260. All pressures are in Pa .................................................................... 212 
Table 7-10:  Internal static pressure at the upwind, downwind, and lateral 
quadrants of wind tunnel experiment 2 and the CFD simulation at locations 
IP10, IP90, and IP170. All pressures are in Pa ............................................ 212 
Table 7-11: The ∆Pratio ratios for the upwind, downwind, and lateral quadrants 
for experiment 2 and the CFD simulation. .................................................... 213 
Table 7-12: The percentage error between the ∆Pratio of experiment 2 and the 
CFD simulation at the upwind, downwind, and lateral quadrants. ................ 214 
 xxii
Table 7-13: External velocity in m/s at a distance of 25 mm on the upwind, 
downwind, and lateral quadrants at Experiment 2 and the CFD simulation at 
locations EV10-EV260. ................................................................................ 214 
Table 7-14: the percentage error between the experimental and simulation 
results external velocity results at the upwind, downwind, and lateral 
quadrants. .................................................................................................... 214 
 
 xxiii
Nomenclature   
A cross-sectional area of sample (m2) (perpendicular to flow direction) 
A* effective inflow surface area (m2) 
As conical frustum surface area (m2) 
Aegress cross-sectional area of mound skin section surrounding an open egress 
channel (m2) 
Cp inertial resistance/Forchheimer factor 
Cps pressure coefficient of   
D micro-CFD model diameter (m) 
Da conical frustum top diameter (m) 
Da conical frustum bottom diameter (m) 
Dp  Darcian/permeability inverse factor (1/m2) 
dm  porous medium mean particle diameter (m),  
dg porous media grain diameter (m) 
fa surface correction factor 
Gk generation of turbulent kinetic energy term (kg/m.s3) 
H conical frustum height (m) 
i denotes the x-y components 
j denotes the x-y components 
 turbulence intensity 
Ki permeability in the ith-direction (1/m2) 
K  intrinsic permeability (m2) 
k  turbulence kinetic energy (m2/s2)  
L  porous media thickness (m). 
 turbulence length scale (m) 
m&  mass flow rate (kg/s) 
P  pressure (Pa) 
Q volumetric flow rate through the mound skin (m3/s) 
Q&  volumetric flow rate through one open egress channel (m3/s) 
Re Reynolds number 
T simulation average time (s) 
t  time (s) 
t*  mound skin effective thickness (m) 
 xxiv
U turbulent flow velocity (m/s) 
U  mean flow velocity (m/s) 
u′  instantaneous flow velocity (m/s) 
ui  velocity component in the ith direction (m/s) 
v  porous media superficial velocity (m/s) 
vN normalized external velocity readings in wind tunnel experiments 
vp porous media average pore velocity (m/s) 
vw wind tunnel input velocity (m/s) 
 
Greek 
α cone vertex angle 
ε  turbulence dissipation rate (m2/s3) 
µ  kinematic viscosity (kg/m.s),  
µt turbulence viscosity (kg/m.s) 
ρ air density (kg/m3). 
Φ porosity  
Δ gradient  
 1
 
1 Introduction 
 
 
With the introduction of mechanical ventilation systems and the rise of living 
standards, the reliance on natural ventilation has decreased.  Today, 
mechanical ventilation systems, like HVAC, is a common practice to provide 
thermal comfort and good indoor air quality in human habitation (Evola and 
Popov 2006).  According to Orme (2001), HVAC systems represent upto 68% 
of the total power consumption in service and residential buildings in South 
Africa.  These systems operate using considerable amounts of electricity 
which is normally generated via the combustion of fossil fuels and nuclear 
energy.  Such energy sources are viewed as either polluting or are 
unsustainable energy sources.  Moreover, fossil fuels have been implicated in 
the phenomenon of global warming.   Hence, the search is on for human 
habitation where thermal comfort is primarily achieved by natural ventilation 
techniques with minimal reliance on unsustainable energy use.  Since the mid 
70s there has been an urgent need to reduce the use of energy in heating and 
cooling of buildings worldwide.  Increasingly architects are seeking ways to 
implement natural ventilation systems that comply with the present living 
standards.  
 
Two prominent examples of large-scale naturally/passively ventilated human 
structures are the Alpine House at the Royal Botanical Gardens at Kew in 
London and the Harare Eastgate Shopping Centre.  The Alpine House (Figure 
1.1a) was constructed to maintain the plants within at near-alpine conditions 
without the need for additional refrigeration by constructing a labyrinth cooling 
system below the ground level as shown in Figure 1.1b.  The labyrinth system 
is made from faceted concrete walls that form long air paths.  Night-cooled air 
is allowed into the labyrinth system and stored so that it cools the internal 
atmosphere during the following day.  The architects designed the Kew 
glasshouse to copy the cellar structures that are built in the lower part of the 
Macrotermes bellicosus termite mounds.  The cross sectional appearance of 
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the Alpine House resembles that of a termite mound was no accident.  This 
project is an excellent example of what is currently understood about large 
scale passive ventilated systems using termite mound architecture as a 
starting point. 
 
 
 
Figure 1.1: a) Glasshouse at the Royal botanical gardens at Kew that attempts to adopt the 
ventilation mechanisms in termite mounds. b) a schematic of the Kew glasshouse and the 
underlying labyrinth system simulating the cellar structure in the Macrotermes bellicosus 
mounds. Adapted from (Sweet 2006)  
 
The Eastgate shopping centre was designed to achieve natural ventilation in 
the tropical climate of Harare, Zimbabwe.  Its design was inspired by the 
Southern African termite mounds.  The natural ventilation within this structure 
is powered by the tall chimneys (Figure 1.2) that draw hot air from the air 
spaces within the centre due to buoyancy and stack effects.  This design 
provides for a steady interior temperature using less than 10% of the energy 
consumption of a conventional building its size in Harare, Zimbabwe (Pearce 
2009). 
a b
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Figure 1.2: The Harare Eastgate Centre with tall chimneys along its roof. Adapted from 
(Tzonis et al. 2001).    
 
The above two structures were inspired by termite mounds (Figure 1.3) which 
have been utilizing natural and sustainable energy sources to ventilate termite 
colonies for centuries.  Striking examples of mound construction are these 
produced by the Terimitidae subfamily; Macrotermitinae also known as the 
fungus farming termites.  Macrotermitinae are extensively found throughout 
sub-Saharan Africa and south East Asia and are known to construct a range 
of species-specific mound types, which all effectively use energy embodied in 
the wind, the sun and the colony’s own metabolic activity to maintain the 
necessary conditions for its survival.  The mounds can be regarded as organs 
of colony physiology, in the broadest sense, shaped to accommodate and 
regulate the exchanges of respiratory gases between the nest and 
atmosphere (Turner 2004).  The starting point for the research presented in 
this thesis is the suggestion that such an ingenious construction could hold 
the key to innovative designs of more environmentally-friendly human 
habitation.  Before it is possible to formulate building design concepts, it would 
be necessary to develop a thorough understanding of the structure and 
function of termite mounds as ventilation systems.   
 
Chimneys 
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Figure 1.3: Macrotermes michaelseni termite mound in Namibia, Southern Africa 
 
The Macrotermitinae termites build a wide variety of larger mound structures 
when compared to the other Terimitidae subfamilies.  The mound and nest 
structures built by the Macrotermitinae species share some common features.  
The colony inhabitants in each species reside in the nest structure with 
minimal exposure to the external environment.  From one to two million 
termites inhabit these nest structures and coexist in a symbiotic relationship 
with Termitomyces fungus (Darlington 1991).  They build mounds with 
complex internal network of air channels above the nest structures for its 
ventilation.  In some Macrotermitinae species these channels are open to the 
mound exterior forming open channels while they are closed in the other 
species (Darlington 1984), separated by a layer of the porous mound skin.  
One of the most abundant and studied Macrotermitinae species is 
Macrotermes michaelseni (Schuurman and Dangerfield 1996).   Macrotermes 
michaelseni termite species and mounds have the most up-to-date data 
regarding its structure and function.  Hence, the Macrotermes michaelseni 
mounds were chosen to be studied and analysed in this thesis.    
 
The mound skin represents the interface between the surroundings, which are 
the source of fresh air, and the mound interior, which is the source of the stale 
air.  It can be thought of as a membrane through which respiratory gases and 
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heat are exchanged by diffusion.  However, termite mounds are usually built 
in open areas, like the savannas, where they are constantly exposed to a 
turbulent wind environment.  In such wind conditions, bulk flow of air through 
the porous mound skin is likely to be more prominent than the exchange of 
respiratory gases through diffusion.  Hence, the effectiveness of any 
ventilation mechanism is largely dependant the structure of the mound skin 
and its interaction with the ambient wind flows.   
 
In last half century, the mound external and internal structures have been 
studied in an effort to understand the underlying function of ventilation.  
However, these studies has thus far failed to show the structure of egress 
channels within the mound skin and the complex network of internal conduits.  
This is in part due to the inability of the adopted visualisation techniques to 
capture the fine details of the mound skin and internal conduits.  Accordingly, 
less attention was paid to the interaction of the mound skin with the external 
wind forces.  The last decade has seen the rapid emergence of digital 
scanning and computer simulation and it is this capability which is 
instrumental in forming both the starting point and the ultimate goal of this 
research.  Digital scanning has been vital in identifying the fine internal form of 
organisms and structures alike.  Digital scanning will be used in this thesis to 
study the structure of mound skin and the mound internal structure.  The 
digital scanning data was used to visualise the internal mound structure via 
the reconstruction of a 3D mound model.  Computer simulation, like 
Computational Fluid Dynamics CFD, has successfully managed to accurately 
find solutions of a range of engineering problems.  CFD was applied to 
investigate the flow around the mound skin external structure and through the 
mound skin. 
                   
1.1 Aims and Objectives 
 
This research aims to analyse the mound skin structure, and its function of 
controlling air flows in and out of the mound interior.  The focus is on the 
interaction of the mound skin geometry with the external turbulent wind 
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environment.  Research into the mound structure and existing ventilation 
theories is conducted.  The flow around and through the mound skin is 
investigated to meet the following set of objectives: 
 
• Study and visualise the internal structure of Macrotermes michaelseni 
mounds by means of field experiments and digital scanning. 
• Identify the boundary conditions, model inputs, and external wind flow 
patterns. 
• Investigate the effect of structures of egress channels within the mound 
skin on the flow rate through the mound skin and visualise the flow past 
the egress channel in the mound interior.   
• Study the interaction of the conical mound shape and the external 
turbulent wind environment on the flow patterns within and around the 
mound. 
• Validate the predicted CFD flow patterns around and through the porous 
skin of a structure with a conical topology. 
 
1.2 Structure of Thesis:    
 
A brief description of the material covered in each chapter is given below, to 
provide an overview of the approach followed in this thesis: 
 
• Chapter 2 reviews the literature relating to the Macrotermitinae mound 
structure and function.  It concludes by identifying the implications of the 
past research for the direction adopted in this thesis. 
 
• Chapter 3 presents a review of CFD modelling and its application in the 
solution of flow problems through porous media with built-in structures and 
around the buildings and structures external walls. 
 
• Chapter 4 presents the methodologies adopted in this work to study and 
visualise the external and internal structure of Macrotermes michaelseni 
mounds; reveal of plaster infiltrated mound internal conduits and digital 
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scanning of plaster filled mound.  The revealed and scanned mounds are 
then used to study the mound external geometry.  Then, the structure of 
mound skin, internal conduits, and underground conduits and nest 
structures and their dimensional data are obtained. 
 
• Chapter 5 investigates the effect of the egress channel on the flow rate 
through the mound skin by conducting a series of 2D Micro-CFD 
simulations of a mound skin section with egress channel.  The Micro-CFD 
simulation is expanded by studying the flow through the mound skin 
across its height. 
 
• Chapter 6 presents a Macro-CFD analysis to examine the flow around the 
conical external shape of the mound skin and its effect on directing the 
flow in and out of the mound when interacting with the external wind flow . 
 
• Chapter 7 validates the CFD simulation conducted in chapter 6 by 
comparing the flow variables measurements obtained from the wind tunnel 
experiment with the results obtained from the CFD simulation of model that 
is similar to the wind tunnel model. 
 
• Chapter 8 provides the conclusions, research findings from the work 
reported, and presents ideas for further work.      
.        
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2 A Review of Literature on Structure and Function of 
Macrotermitinae mounds 
 
 
Before discussing the previous attempts made to identify and study the 
structure and ventilation function of Macrotermtinae mounds, a brief 
introduction to their distribution and taxonomy is presented.  Macrotermtinae 
mounds are located near subterranean water courses and aquifers present in 
the arid and semi-arid habitats of west, east, and South Africa, and south East 
Asia as shown in Figure 2.1. 
 
 
 
Figure 2.1: Distribution of Fungus farming social insects (Batra and Batra 1979) 
 
Macrotermitinae, commonly called the fungus farming termites (Watson and 
Miller 2005), are a subfamily of the Termitidae termite family. Globally they are 
divided into 14 genera and about 350 species with one common phylogenetic 
source in Africa (Kambhampati and Eggleton 2000).  The three most species-
rich genera of the Macrotermitinae are Odontotermes (172 species), 
Microtermes (60), and Macrotermes (47) (Kambhampati and Eggleton 2000).  
One of the more conspicuous mound structures are built by the Macrotermes 
genus.  Macrotermes termites build larger and more elaborate mound 
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structures when compared to the other Macrotermitinae genera.   As a result, 
more data and studies have been conducted on the different Macrotermes 
species such as Macrotermes bellicosis and Macrotermes michaelseni.  
 
In this chapter, the previous research conducted on the structure and 
respiratory function, and ventilation mechanisms of the Macrotermitinae 
mounds will be presented and discussed.  The chapter is divided into four 
sections.  The chapter starts by considering the attempts made to study and 
visualise the Macrotermitinae mounds’ structure.  These attempts were vital 
for the analysis of mound structure and function which are reviewed in the 
second and third sections respectively.  Then, the chapter concludes by 
assessing the credibility of each of the proposed colony ventilation 
mechanisms and discusses the implications of the previous research on the 
direction of the work reported in this thesis.     
 
2.1 Mound visualisation  
 
In this section the early attempts made to study and visualise the 
Macrotermitinae termite mounds structure will be reviewed.  The 
methodologies used to visualise the geometry of the Macrotermes 
michaelseni mounds are introduced.   
 
2.1.1 Early mound visualisation attempts  
 
Reveal of infiltrated mound conduits 
 
Ruelle (1962) was one of the first entomologists to study and visualise the 
structure of termite mounds.  He produced detailed images of the internal 
geometry of Macrotermes bellicosis mounds, as shown in Figure 2.2.  Ruelle 
progressively infiltrated the mounds with cement and then allowed the cement 
to cure for three weeks.  The mound material was washed off by using 
pressurised water.  These images clearly showed the reticulated and 
complicated internal structure of Macrotermes bellicosis mounds. 
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Figure 2.2: The revealed internal structure of Macrotermes bellicosus mound which shows the 
set concrete which solidified in the tunnels and cavities inside the mound before washing. 
Courtesy of (Ruelle 1962) 
 
Mound sectioning and paint tracing 
 
The mound internal and external structure and the nest population of a 
number of Macrotermitinae species was investigated by Darlington (1985; 
1988). Darlington dissected mounds using pick-axes, trowels, cutlasses and 
brushes.  The result of this methodology is a section through the middle of the 
mound as shown in Figure 2.3. 
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Figure 2.3: Vertical section through a Macrotermes michaelseni mound (east Africa) showing 
the internal channels and the nest. Courtesy of (Darlington 1985) 
 
 
Mounds from the other species of Macrotermes subhyalinus, Macrotermes 
herus, Macrotermes michaelseni, and Odontotermes tanganicus were 
dissected and sectioned by Darlington (1984; 1985; 1988; 1997).  Darlington 
marked the internal cavities and channels by pouring and squirting paint down 
the exposed air conduits after dissecting the mound, as shown in Figure 2.4.  
The paint marking process enhanced the contrast between the cavities and 
the mound material.  It also allowed for better visualisation by tracing the 
internal air conduits inside the mound.  Darlington’s method of visualising the 
internal structure of a number of Macrotermitinae species provided simplified 
descriptions of the internal structures of these mounds.   
   
 
Internal Channels
Nest 
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Figure 2.4: Odontotermes tanganicus, vertical section through the nest. Vertical shafts and 
connecting passages are marked with white paint. Courtesy of (Darlington 1997) 
 
Planar Sectioning 
 
Various attempts have been made to perform a series of slices through a 
mound whilst photographing each section.  Ruelle (1962) first speculated 
about this method for Macrotermes bellicosus mounds.  He tried to slice the 
mound but he realised that the slices would collapse under their own weight 
because of the friable nature of the mound material which made him abandon 
this idea.  Turner (2000a) used mound section images to gain a better 
understanding of its structure and to identify the internal air conduits. These 
images were used to estimate the mound surface area, volume, and total 
cavity/channel volume. Two types of sectioning were carried out; horizontal 
sectioning, and vertical sectioning. 
 
Horizontal Sectioning 
 
As a part of Turner’s (2000a) study of mound morphogenesis and function, he 
examined the internal structure of Macrotermes michaelseni mounds.  
Mounds were sectioned using large saws, pickaxes and shovels.  In order to 
prevent the mound material from breaking while performing the slicing 
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operation, Turner decided to section one mound horizontally from the top of 
the mound to about 0.2 m above ground level in 0.1 m increments. After 
slicing each section, Turner captured its image using a 35 mm film camera.  
Figure 2.5 shows some of the images produced by Turner which were 
developed and then digitised to estimate surface area, volume, and total 
cavity/channel volume (Table 2-1) by outlining and tracing each mound 
section and the exposed walls of the channels in that section. 
 
Vertical sectioning 
 
In addition to horizontal sectioning, Turner (2000a) sectioned two mounds 
vertically from one side of the mound to the opposite side in 0.1 m increments.   
The film camera was used to capture photographs of each section.  These 
images were manually digitised to estimate the mound surface area, volume, 
and cavity/channel volume (Table 2-1).  Figure 2.6 shows part of the digitised 
images for one of vertically sectioned mounds.  
 
Table 2-1: Estimates of surface areas, mound volume and cavity/channel volume of one 
horizontally sectioned and two vertically sectioned mounds.  Data obtained from (Turner 
2000a)  
  HSM VSM1 VSM2 
Mound Height (m)  1.50 2.69 2.78 
Surface area (m2) 4.06 13.3 17.42 
Mound Volume (m3) 0.93 5.13 7.56 
Cavity/Channel Volume (m3) 0.17 1.46 1.19 
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Figure 2.5: Digitised images of a horizontally sectioned Macrotermes michaelseni mound (0.2 
- 1.4 m above the ground surface) courtesy of (Turner 2000a) 
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Figure 2.6: Digitised images of a vertically sectioned (0.5 m thick)Macrotermes michaelseni 
mound presented in (Turner 2000a) 
 
The most striking features of the vertical sections in Figure 2.6 are the large 
central cavities representing the central chimney.  These sections also show 
that the central chimney opens right above the nest structure.  Lateral 
channels seem to connect the central chimney with the air channels near the 
mound walls.  At the mound top, near the top of the central chimney, an open 
chamber is found that is also connected to the surface air channels.       
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Both the horizontal and vertical sections revealed complicated and reticulated 
network of air channels.  However, the vertical sections revealed these 
channels with more structural detail.  The above planar vertical and horizontal 
section images enabled Turner to divide and classify the internal conduits of 
the Macrotermes michaelseni mound into three categories; central chimney, 
surface conduits, and lateral connectives that will be studied in more detail 
later in this chapter.  Nonetheless, the 0.1 m section thickness used by Turner 
was not small enough to capture the small features in the internal mound 
structure such as the egress channels.  However, the horizontal sections did 
not include any of the nest and the underground conduits. 
 
Printing of vertical planar sections in 3D 
 
Soar (2004) attempted to use the vertical planar images produced by Turner 
to build a 3D representation of Macrotermes michaelseni mound.  Each of the 
digitised images was loaded into CAD program Rhinoceros 3.0 and was 
subsequently orientated and aligned.  Polylines were drawn for the edges and 
borders of the channels and mound on each of the sections as shown in 
Figure 2.7.  At the end of this process a series of 2D CAD planes representing 
each of the vertical image sections was created.  Different channel types and 
section were separated in distinctive colours to help identify the mound 
internal structure. 
 
The second stage was to extrude each cavity/conduit in each of the 2D 
sections for a distance of 0.1 m.  Extruded sections were grouped (Figure 2.8) 
by producing a wiring loom like structure at the base of the model creating a 
3D computer model for the termite mound from Turner’s (2000a) vertical 
sections.  The Selective Laser Sintering SLS Rapid prototyping machine was 
used to build a 3D of the internal structure of a termite mound as shown in 
Figure 2.9. 
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Figure 2.7: A 2D polyline drawing by tracing the edges of the channels/voids of one of the 
images produced by (Turner 2000a). Each colour represents different channel type. Yellow: 
lower and middle chimney, blue: lateral connectives, green surface conduits, and pink: upper 
chimney (Soar 2004). 
 
 
 
Figure 2.8: All the 2D CAD sections grouped in one file in Rhineceros 3.0 (Soar 2004). 
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Figure 2.9: Image taken for the prototype that was created by Soar (2004) who based it on 
the mound vertical sections (Turner 2000a) describing the internal geometry of Macrotermes 
michaelseni. 
 
The prototype in Figure 2.9 provided a limited understanding of the internal 
structure of the Macrotermes michaelseni mound because the 0.1 m 
resolution was insufficient.  Lack of continuity between consecutive slices 
created problems in the connectivity of the internal conduits in 3D space.  As 
a result the prototype did not show how surface or internal conduits are 
connected.  The produced model did not include the nest and the 
underground section of the mound because Turner (2000a) did not investigate 
these structures. 
 
2.2 Mound Structure  
 
Within Macrotermitinae, intra and extra species structures vary greatly but all 
share some common features.  Macrotermitinae build nests in which the 
colony inhabitants have minimal connections with the ambient environment. 
These nests are either completely below ground level (subterranean) or 
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extend above the ground surface with a subterranean basal part (Noirot and 
Darlington 2000). A mature Macrotermitinae colony contains from one to two 
million termites including the Queen and King, Soldiers, and worker termites. 
The King and Queen live in the royal cell which is usually located in the 
subterranean section of the nest as shown in Figure 2.11.  The fungus combs 
and nurseries are also located in the nest usually surrounding the royal cell 
structure.   
 
Macrotermitinae termites build mounds that are located above the ground 
surface separated by an outwash pediment (Figure 2.12).  Outwash 
pediments are generated due to the erosion of mound material by wind and 
rain.  These mounds are perforated by a complex network of air channels.  
Depending on the Macrotermitinae species constructing the mound, these air 
channels (Figure 2.3) are either opened to the mound exterior or closed by a 
porous soil layer.  In the open mounds, air channels are indirectly connected 
(via porous media) to the fungus combs, nurseries and royal cell for protection 
against predation.  However, the air space in the closed air channels is 
connected to that of the nest because the air channel network is already 
covered by the external mound skin.  Generally, nest structures of open 
Macrotermitinae mounds tend to reside deeper in the ground, whereas that of 
the closed mounds have nests closer to the ground surface (Turner 2000b).  
In addition to the air channels, Macrotermitinae species build subterranean 
foraging channels (not for ventilation) extending up to about 50 m away from 
the nest, as shown in Figure 2.10, to collect dead wood from vegetation above 
the ground surface.  When not in use, for example during the day time, these 
channels are capped from the outside ro prevent access to other insects    
 
Figure 2.10: Foraging channels that extend to 50 m (Darlington 1982) 
 20
 
A number of the open Macrotermitinae mounds that were described and 
analysed in the literature are described below.  
• Darlington (1997) observed that Odontotermes tanganicus build mounds 
that are raised about 300 mm above the ground surface and range from 
0.5 to 2.75 m in diameter with a number of open air channels that range 
from 10 to 80 mm in diameter (Figure 2.11).  The royal cell is about 0.6 to 
0.7 m from the ground surface and is located centrally in the subterranean 
part of nest.  Fungus combs are located in spherical fungus comb 
chambers that range from 10 to 220 mm in height and 20 to 190 mm in 
diameter.  The fungus comb chambers (Figure 2.11) surround the royal 
cell with average depth of 0.45 m below the ground surface.    
 
 
Figure 2.11: Odontotermes tanganicus nest and mound structures. A: air channel, B: Fungus 
Comb Chamber, and C: Royal Cell. Adapted from (Darlington 1997) 
 
• Figure 2.12 shows a schematic of typical mound built by Macrotermes 
Jeanneli.  Their mounds are imposing structures consisting of a basal 
hump of 0.5 to 1.5 m height and 3 - 5 m diameter topped with an open 
single chimney extending 2 - 5 m above the ground surface with a large 
opening of 0.1 to 0.25 m in diameter (Darlington 1984).  An outwash 
pediment is located at the bottom of the basal hump and may extend to 3 
m in height and 30 m in diameter. A royal cell is located in the 
A 
B 
C 
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subterranean section of the mound.  The fungus combs extend to the 
epigeal (above ground surface) part of the nest and are located on top of 
the nurseries which surround the royal cell.      
 
 
Figure 2.12: Macrotermes Jeanneli mound where A: foraging channels, B: fungus combs, C: 
nurseries, D: Royal Cell, E empty terminal chambers, F: outwash pediment, G: Basal Hump 
and H: Chimney. Adapted from (Darlington et al. 1997) 
 
A final example of open mounds is produced by Macrotermes subhyalinus 
species (Figure 2.13).  These mounds are 1 to 1.5 m high and 1.5 to 2.5 m in 
diameter (Darlington 1984).  Macrotermes subhyalinus mounds are perforated 
by a network of air channel.  A small number of these channels (5 to 10) are 
open at the top of the mound with a diameter of 0.1 to 0.15 m and a larger 
number (25-40) of them open at various levels at the base of the mound with 
a diameter of 0.02 to 0.12 m.  The royal cell is located in the subterranean 
part of the nest. The fungus combs surround nurseries which are located on 
top of the royal cell.  
F 
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Figure 2.13: Macrotermes subhyalinus nest and mound structure. A: foraging channels, B: 
fungus combs, C: nurseries, D: Royal Cell, and E: outwash pediment. Adapted from 
Darlington (1984) 
 
The closed Macrotermitinae mounds that can be found in the literature are 
discussed below: 
• Macrotermes bellicosis build closed system mounds that are characterised 
by a conical centre that is surrounded by a number of spires/ridges.  The 
mounds reach the height of 6 m and a basal diameter of 3 to 4 m (Collins 
1979).  The conical centre is perforated by a central chimney that runs 
across the whole length of the mound as shown in Figure 2.14a.  The 
central chimney is connected to the air channels in the external 
spires/ridges by the network of lateral connectives and surface conduits.  
The top of the central chimney and air channels in the spires/ridges are 
capped by a porous layer of mound material.  The ridges are connected 
together via the air space in the cellar structure which is located at the 
bottom of the nest as shown in Figure 2.14 a & b.  The cellar is topped with 
a circular base plate with a diameter around 3.5 m.  The base plate is 
supported by solid pillars that cover approximately one quarter of the width 
of the base plate (Figure 2.14b).  The underside of the base plate that 
supports the nest structure holds a series of clay vanes hanging 
downwards to a depth of up to 100 mm and encircling the plate in a series 
E 
D
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of spirals as shown in Figure 2.14c.  The nest is surrounded by air space 
that connects the cellar to the ridges and central chimney.  Foraging 
channels are also connected to the air space.  
 
 
Figure 2.14: a) Macrotermes bellicosus mound structure. A: foraging channels, B:Pillar 
supporting the base plate, C:Cellar, D: Spiral base plate, E: Nurseries, F: Royal Cell, G: 
Fungus Combs, H: Ridges, I: Central Chimney, J: Surface conduits, K: lateral connectives. 
Adapted from (Korb and Linsenmair 1998b). b) The cellar under the nest of Macrotermes 
bellicosus and c) the spiral clay vanes in underside of the base plate (cellar top) 
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Macrotermes michaelseni build closed mounds which are characterised by a 
cone shaped base above which is a tilted thin spire as shown in Figure 2.15.  
The average height of these mounds is 2.16m (Turner 2000a).  An outwash 
pediment accumulates just above ground level. According to Schuurman and 
Dangerfield (1996) who studied this species in Botswana, southern Africa, the 
height of the this spire range from 1 to 2 m, the height of the conical base and 
outwash pediment range from 0.41 to 2 m.  The mound diameter at the 
outwash pediment ranges from 5 to 14 m.  The nest ranged from 0.5 to 1.2 m 
in height and 1 to 1.7 m in width.    
 
 
 
Figure 2.15: External structure of Macrotermes michaelseni mound (image obtained for a 
Macrotermes michaelseni mound located in Omatjenne Research Station, Otjiwarongo, 
Namibia).  
 
Macrotermes michaelseni termites build underground nests that are fully 
located below the ground level.  The depth of these nests varies depending 
on the underlying soil types.  The royal chamber is surrounded by the 
nurseries as indicated by Darlington (1985), Schuurman and Dangerfield 
(1996), and Turner (2000a).  The fungus combs are located around the 
nurseries and the royal chamber occupying the rest of the nest structure.  
 
Spire 
Conical Base 
Outwash Pediment 
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Figure 2.16: Internal structure of structure of Macrotermes michaelseni mound. A: foraging 
channels, B: royal cell, C: nurseries, D: Fungus Combs E: central chimney, F: lateral 
connectives, G, Surface Conduits, and H, porous Mound walls.  Adapted from (Schuurman 
and Dangerfield 1996)   
 
Turner (2000a) and Darlington (1985) studied the structure of Macrotermes 
michaelseni termite mounds in Namibia and Kenya respectively.  Turner 
(2000a) classified the air channels, shown in Figure 2.16, which permeate 
these mounds into three distinct types;  
 
• Central chimney (E)  
The central chimney starts in the nest by the merger of the subterranean 
air channels above the fungus combs.  According to Darlington (1985), the 
diameter of these air channels ranges from 40 to 100 mm.  Above the 
nest, the central chimney forms a large, vertically-oriented void extending 
throughout the mound height.  It is not open to the outside, but capped by 
a 10 to 30 mm porous layer of soil. 
 
• Surface conduits (F)  
According to Darlington (1985), surface conduits are narrow channels (30 
to 50 mm in diameter) that run the complete height of the mound.  These 
channels are separated from the external environment by about 20-70 mm 
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layer of the mound material (Turner 2000a).  According to Turner (2001) 
the surface conduits underlie about 20% of the mound surface.  
 
• Lateral connectives (G) 
Lateral connectives are a highly reticulated network of tunnels which 
connect the chimney and the surface conduits. 
  
The mound walls/skin serve many functions; protection against predation, a 
buffer zone where external environmental perturbations are damped and layer 
through which fresh and stale air are exchanged.  It is characterized by its 
permeable and friable nature as described by Jouquet (2002).  Within the 
mound skin, egress channels are created by the termite colony.  According to 
Turner (2000a), egress channels usually underlie areas of external mound 
surface building, and serve as egress holes for worker termites to the mound 
external surface.  Loos (1964) mentioned the appearance of holes in the walls 
of the closed Macrotermes natalensis mounds after heavy rains to prevent the 
termite colony from suffocating.   
 
2.2.1 Morphogenesis of Macrotermitinae Mounds  
 
To understand the development of Macrotermitinae mound above ground, an 
interpretation of the relationship between its form and function is required to 
serve the needs of both the termites and fungus within.  The form of the 
developing mound is optimised to regulate the concentration of metabolic 
gases (including H2O vapour, CO2, O2) within the Nest environment which is 
necessary for the existence and growth of the termite colony.  Turner (2000a) 
proposed a model for the formation and growth of Macrotermitinae mound 
structure which he termed a “morphogenesis model”.  The morphogenesis 
model posits that the mound starts when the alates (winged reproductives) fly 
each year and a single male and female dig a pit in which to begin the colony.  
The nest starts as a closed subterranean chamber until worker termites 
appear (Noirot and Darlington 2000). The worker termites start building the 
nurseries, and fungus combs below the dome-shaped nest roof in the closed 
subterranean nest structure.  The nest starts emerging above the ground 
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surface as the worker population reaches about 13,000 termites (Noirot and 
Darlington 2000).  The increase in the number of colony inhabitants causes a 
proportional increase in the metabolic activity requiring adequate oxygen 
supply.   In response, termites begin to push to earth upwards to form a small 
heap (Turner 2000a) that has a diffuse and relatively disorganised 
arrangement of tunnels, as shown in Figure 2.17a.  The resulting moisture 
and gas gradients due to the increased metabolism lead to vertical mound 
growth until the central chimney starts to immerge in the centre of the mound 
Figure 2.17b).  As the metabolism induced buoyancy forces increase, due to 
rising heat via the further population growth, the mound elongates upwards 
forming a spire (Figure 2.17c).  The absolute termination of upward 
movements of soil is determined by the size of the mature colony and its 
ability to thrive at sustainable levels. 
 
 
 
Figure 2.17: A model of mound morphogenesis in the Macrotermitinae mounds (Turner 
2000a) 
 
Ultimately an optimum is reached, whereby translocation of earth upwards is 
matched or exceeded by the amount of rainfall erosion.  Without rainfall a 
termite mound may increase in volume as a cylinder.  The erosion due to 
rainfall effectively leads to the conical shape.  Ruelle (1962) demonstrated the 
importance of access to higher wind velocities by covering a Macrotermes 
bellicosus mound with polythene sheet to shield the mound from the wind 
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(Figure 2.18a).  As shown Figure 2.18b the mound expanded to higher levels 
in an attempt to capture more wind. 
   
 
 
Figure 2.18: a) Macrotermes bellicosus mound covered by polythene sheet, and b) the effect 
of this on the mound which grew higher up to capture more wind (Ruelle 1962)  
 
Turner (2000a) also proposed a method for lateral growth of the mound.  
Around the base of the mound, numerous ‘moundlets’ emerge which, as 
Turner (2000a) observed, were the by-product of the annual fruiting bodies of 
the Termitomyces fungus.  Termitomyces are confined within the nest 
environment by the termites so they must ‘escape’ these confines each year 
to spore as shown in Figure 2.19. 
 
 
 
Figure 2.19: Termitomyce fungus emerging from the sides of mound during the fungus fruiting 
season. Obtained from images taken for Macrotermes michaelseni mounds in the Omatjenne 
Research Station, Namibia 
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During January-February the fruiting bodies punch holes through the base of 
the mound to spore for a period that lasts 24 hours.  Subsequently, the fruiting 
body rots down leaving a large opening leading from the core of the nest to 
the outside of the mound.  Buoyancy driven flows take place along this 
channel to which termite respond in a manner similar to that of the creation of 
the central chimney (Figure 2.17 c & d).  As the nest grows in size the surface 
conduits and lateral connectives starts to emerge.  Turner (2000a) based his 
morphogenesis upon the hypothesis that building activity is governed by 
concentration gradients of the metabolic gases within mounds.  As the 
population of the termite colony grows (termites + fungus), the concentration 
of CO2 increased in the Nest.  The concentration gradients of the metabolic 
gases between the nest and the mound top also increases.  The change in 
the metabolic gases concentration gradients due to the growth of the termite 
colony drives termites to transfer the soil from lower areas of the mound and 
the Nest region to the mound top.  This provides more voids in the lower 
regions of the mound required for more efficient ventilation of the Nest and 
provides the building material that is required for growing the mound upwards.  
As the mound grows upwards, the higher is the wind momentum against the 
mound external surface which in turn results in a more efficient exchange of 
spent air (richer in CO2) with fresh air (richer in O2) through the mound 
surface.    As illustrated by Figure 2.20, this behavior results in a closed loop 
system which maintains the nest environment by regulating the concentration 
of metabolic gases within the Nest that is vital for the survival and growth of 
the termite colony.       
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 Figure 2.20: Closed Loops system in the termite colony. A) The growth in termite colony 
results increase in CO2 concentration in the Nest and in turn B) elicits termites to start 
modifying the Nest and mound structure by moving soil to mound top. The increased mound 
height and increased void in the Nest improves gas exchange. D) This results in more 
regulated Nest environment that allows the termite colony to grow.  
  
2.2.2 Structural Biodiversity 
 
It should be noted that within any single species there may be large 
differences in mound structure and scale. Korb and Linsenmair (1998a; 
1998b) findings support Turner’s morphogenesis model.  Korb noticed that the 
Macrotermes bellicosis species build two distinct types of mounds in the Ivory 
Coast, West Africa.  
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Figure 2.21: Schematic diagrams of the Macrotermes bellicosus mounds in a) Savannah and 
b) forest. Adapted from (Korb and Linsenmair 1998b) 
 
The structure of the mounds differs between the open savannah and tree 
covered habitats (Figure 2.20 a & b respectively).  Mounds in the warmer, but 
thermally more fluctuating shrub savannah are more structured with many 
ridges/spires in contrast to the smaller dome-like, compact mounds in the 
cooler, forest.  The shrub savannah mounds have an average height of 1.7 m 
and those of the forest are on average 1.5 m. In the shrub savannah the 
mounds have thin walls with numerous ridges and complex structures.  
Mounds of the forest have thicker walls with hardly any protruding structures.  
Moreover, mounds in the forest have greater basal widths (around 7 m) than 
mounds of the savannah (around 4.5 m).  Korb and Linsenmair (1998b) 
attribute the variation in mound structures to the variation in the ambient 
temperatures of the two habitats. 
 
According to the morphogenesis model the open Savannah mounds are 
larger than the forest mounds due to its exposure to the turbulent winds.  
a b
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These winds results in enhanced concentration gradients between the nest 
and the mound top which drives the termites to transfer soil to the mound top 
and expand the mound length and surface area ridges/spires.  The forest 
mounds are shielded from the turbulent winds which results in a less 
pronounced concentration gradients and accordingly less soil translocation.  
   
In Kenya, East Africa, a mature mound of Macrotermes michaelseni is 
typically 0.7 - 1 m high (Darlington 1985).  Mounds of the same species that is 
present in southern Africa are generally larger (Figure 2.21). Schuurman and 
Dangerfield (1996) measured the external and internal dimensions of 
Macrotermes michaelseni in Botswana for comparison with mounds built by 
the same species in East Africa to test the hypothesis that broad scale climate 
has a major effect on the external structure of termite mounds.  The overall 
heights of the mounds present in Botswana were between 1.2 and 4 m while 
that of east Africa were between 0.7 - 1 m despite having similar colony sizes 
in both mounds (Schuurman and Dangerfield 1996).  
 
 
Figure 2.22: Comparison between the size of the southern African (a) and East African (b) 
Macrotermes michaelseni mounds. Adapted from (Schuurman and Dangerfield 1996). 
 
The East African Macrotermes michaelseni mounds are built in a more humid, 
and rainy and less windy climate throughout the year due to its proximity to 
1.2 - 3.95 m 
0.7 - 1 m 
a
b
 33
the equator.  This climate has also promoted the growth of forests and trees 
than the southern part of the content.  According to the morphogenesis model, 
the East African mounds tend to grow shorter than the South African ones due 
to the less pronounced concentration gradients between the nest and the 
mound top and accordingly less soil transfer for building at the mound top.  
 
Macrotermes michaelseni mounds are generally characterised as having cone 
shaped base topped with a thin spire. The above two examples show that 
mound structures are dynamic systems and exhibit flexibility in relation to local 
environmental conditions, climate, and topography.  Genetic differences 
between the Macrotermitinae species may not be the major factor determining 
the differences in mound structure.  Such flexibility can be considered as an 
adaptive trait analogous to that of a living organism to changeable 
environmental conditions (Turner 2004).  Comparisons are often made 
between termite mounds and living organisms (Korb and Linsenmair 2000b; 
Turner 2006b; Turner and Soar 2008).  An organism in the traditional 
biological sense is an assemblage of living cells that continually changes, 
adapts or evolves.  Many view the altruistic and social behaviour of termites in 
the same way and the term ‘superorganism’ is used to define this relationship.  
Termites have evolved a mound construction process which appears to mimic 
that of an organism whilst outwardly appearing as no more than a pile of 
earth.   
 
2.3 Mound Function 
 
2.3.1 Social Homeostasis of Macrotermitinae colonies 
 
Morphogenesis and the gas exchange mechanism in termite mounds are part 
of the colony behavioural regulatory function.  A justifiable prerequisite for 
understanding this mechanism is to identify the inter-related processes that 
lead to its occurrence. Termite mounds are dynamic structures that undergo 
continuous modification and maintenance by the termite colony, in order to 
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regulate and maintain the colony’s local environment as a response to 
perturbations or change.  
 
The development of the concept of homeostasis began in the 19th century 
when the French physiologist Claude Bernard noted the constancy of 
chemical composition and physical properties of blood and other bodily fluids 
(Langley 1973).  He claimed that the "fixity of the milieu interieur" was 
essential to the life of higher organisms. The term homeostasis was coined by 
the 20th-century American physiologist Walter B. Cannon (Langley 1973), 
who refined and extended the concept of self-regulating mechanisms in living 
systems to maintain the well-being of that system.  Homeostasis is the 
maintenance of the survival conditions of an organism by several complex 
biological mechanisms that operate to offset disrupting changes. 
 
Extending this definition to describe the inter-relationship of termite actions to 
changes in their environment is complex.  Describing homeostasis as the 
product of a group of individuals is not widely understood but was first 
postulated by Alfred Cameron in 1956 (Stuart 1972).  Cameron suggested 
that social homeostasis is responsible for the regulation of the nest climate, 
and the underlying behavioural mechanisms of mound construction and 
maintenance in termite colonies.  Social homeostasis is a phenomenon of 
social insect colonies, in which the collective activities of the colony's 
inhabitants regulate the colony environment, similar to the way the cells of an 
organism coordinate their activities to regulate the organism’s internal 
environment (Turner 2000b).  The termite colony achieves social homeostasis 
by modifying and maintaining the mound structure. Social homeostasis 
involves behavioural and physiological interactions between genetically 
related members of a colony. Hence, colony members regulate the 
environment for the other genetically similar colony members.  However, a 
further aspect needs to be considered because Macrotermitinae colonies 
include two genetically different members, termites and Termitomyces fungus. 
Turner (2000b) developed the term Emergent Homeostasis, which is achieved 
by physiological interaction between genetically different partners so that the 
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regulated environment favours maintaining the living conditions of both 
partners.   
 
There have been two interpretations on the primary function of homeostasis in 
termite mounds.  One interpretation was presented Korb and Linsenmair 
(1998a; 2000a; 2000b), and Korb (2003) which stressed on the thermo-
regulation aspect.  The other interpretation championed by Turner (2001), and 
Turner and Marais (2007) emphasised the regulation of the chemical 
composition of the gases in the mound interior.  Both interpolations are 
supported by experimental data yet neither is conclusive.   
 
In their studies on the Macrotermes bellicosus mounds, Korb and Linsenmair 
(1998a; 2000a; 2000b), and Korb (2003) postulated that homeostasis is 
aimed at maintaining a constant temperature in the termite colony.  Korb 
conducted experiments to record the temperature in the nest of a dead 
Macrotermes bellicosus mound and found that it remains constant compared 
to the external air temperature (Figure 2.22).  She concluded that even 
without the termites’ activity, temperature is kept constant.  This is due to the 
thermal mass of earth surrounding the Nest structure which was not 
highlighted by Korb and Linsenmair (1998a; 2000a; 2000b), and Korb (2003).  
Turner (1994) similarly found that when capping off the chimney of the open 
Odontotermes transvaalensis mounds, the nest atmosphere temperature did 
not change.  However, the temperature in the nest of Macrotermes 
michaelseni mounds ranges from about 14°C in winter to more than 31°C in 
the summer (Turner and Marais 2007) closely tracing the ground temperature 
in the proximity of the nest as shown in Figure 2.23.  The findings of Korb 
(2003), Turner and Marais (2007), and Turner (1994) can be explained by the 
thermal balance between the nest and earth in the proximity of the nest.  The 
thermal mass of the ground dampens, not regulates, the nest temperature 
against atmospheric temperature variations    
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Figure 2.23: Course of temperatures of a Macrotermes bellicosus mound in the open 
savannah during several days. Fungus garden: ……  and, Ambient air: ____. Adapted from 
(Korb and Linsenmair 1998a) 
 
 
 
Figure 2.24: The annual temperature in the nest of a Macrotermes michaelseni colony in 
northern Namibia compared to the ground temperature 15 m away and at 1m depth (Turner 
and Marais 2007). 
 
Turner who has worked extensively on the closed mounds of Macrotermes 
michaelseni, suggested that homeostasis exhibited by the termite colony is 
aimed to regulate the percentage of metabolic gases in the colony nest 
(Turner 2001, 2006a; Turner and Soar 2008).  Turner (2001) recorded the 
relative humidity in the nest atmosphere at 70% throughout the year and that 
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the clearance time of tracer gas had similar time constant throughout the year 
and did not change significantly with mound size.  Turner and Soar (2008) 
found that the concentration of oxygen in the nest of Macrotermes 
michaelseni mounds is fairly constant regardless of the mound/colony size as 
shown in Figure 2.24. 
 
The colony regulation and ventilation mechanisms that achieve the ventilation 
mechanisms within the Macroteritinae mounds are presented in the following 
section to help understand the two primary interpretations for the primary 
Homeostatic function of thermo-regulation and the regulation of the metabolic 
gases within these mounds. 
 
 
 
Figure 2.25: Oxygen concentration in several nests of Macrotermes michaelseni. Symbols 
represent means +/- 1 standard deviation. Mound size is a surrogate for colony metabolic 
demand (Turner and Soar 2008). 
 
2.3.2 Existing theories for Mound Ventilation/Regulation 
 
Over the last half centaury, mound regulation/ventilation theories have been 
devised to attempt to describe this process and explain how mound structure 
regulates the internal variables against external fluctuations.  The most 
important theories are reviewed in this section. 
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Thermosiphon Model 
 
The first model for termite mound ventilation was proposed by Lüscher (1961) 
after conducting research on the Macrotermes bellicosis mounds.  Lüscher 
measured the temperature and percentage of carbon dioxide of internal air at 
different localities inside the mound chambers including the nest, central 
chimney, external ridges and the cellar (Figures 2.17 & 2.18).  The following 
results were recorded:  
• The temperature at the ridges is always lower than that of the nest and 
chimneys which explains that the air in the ridges is cooler than that of the 
nest.   
• The lower parts of the ridges and the cellar have the minimum 
temperatures. 
• There is a difference of about + 0.7°C between the nest and the upper 
central chimney  
• There is a drop of 0.9% carbon dioxide from the upper to the lower part of 
the ridges.  
• The maximum percentage of 2.9% carbon dioxide is present at the upper 
chimney.  
 
The following can be inferred from the above results  
• There is heat transfer in the ridges which results in a drop in the 
temperature inside the ridges. 
• Buoyancy forces are present between the nest and the upper chimney 
which drive the flow from the nest to the upper chimney and cause high 
concentration of CO2 in the upper chimney 
• Gas exchange occurs at the ridges because the concentration of CO2 
drops as the air flows down the ridges. 
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Figure 2.26: Schematic diagram for a cross section through a Macrotermes bellicosus mound 
showing the temperature and CO2 % in different localities inside the mound. Adapted from 
(Lüscher 1961) 
 
 
 
Figure 2.27: LHS is the temperature measurements and RHS are the carbon dioxide 
percentages in the locations shown in Figure 2.25: a) fungus combs at the bottom of the nest, 
b) nest c) upper chimney, d) upper part of the ridges, e) lower part of the ridges, and f) Cellar 
(Lüscher 1961).  
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Based on his findings, Lüscher (1961)  proposed a circulatory mechanism 
known as a thermosiphon that is illustrated in Figure 2.27, Warm carbon 
dioxide enriched air, heated by metabolic activity from the nest is buoyant and 
flows towards the upper chimney that is connected to the external ridges. 
Warm air is drawn from the upper chimney to the upper cooler part of the 
external ridges. According to Lüscher the external ridges act as lungs for the 
colony.  The ridges allow a greater surface area to be used for the exchange 
of gases. At the ridges the air is cooled and respiratory gases are exchanged 
with oxygen from the ambient atmosphere by partial pressure difference 
through the walls of the mound. Cool O2-enriched air is drawn to the lower 
part of the ridges due to negative buoyancy forces.  Air then moves to the 
cellar and subsequently into the air space surrounding the nest.  
 
 
 
Figure 2.28: The Thermosiphon mechanism for colony ventilation, due to Lüscher (1961) 
demonstrated on the Macrotermes michaelseni mound structure. Gases are driven by 
buoyancy around a cycle, exchanging heat, oxygen, carbon dioxide and water with the 
external atmosphere (Turner 2000a).  
  
Unidirectional ventilation 
 
Darlington (1987; 1989) studied the ventilation mechanisms of both the closed 
and open Macrotermitinae mounds.  For the closed mounds, she proposed a 
buoyancy-driven circulatory ventilation mechanism that is similar to the 
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thermosiphon model proposed by Lüscher (1961).  A unidirectional 
mechanism was proposed for the open mounds.  
• The open channel mounds such as those of Macrotermes subhyalinus are 
perforated by open channels which enable air to be forced through them to 
the colony. Due to the positive hydrostatic pressure being generated by 
the ambient air, air is forced through the channel openings that are located 
above the ground level as shown in Figure 2.28.  Fresh air then flows into 
the internal channels that pass through the nest and then to the upper 
section of the mound due to the negative pressure gradient from the 
bottom to the top of the mound.  
 
 
 
Figure 2.29: schematic diagram showing the unidirectional ventilation mechanism in 
Macrotermes subhyalinus  Adapted from (Darlington 1984) 
 
• In mounds with single open chimney like Macrotermes Jeanneli, air is 
drawn into the porous sealed openings of the foraging channels near the 
ground surface. As a result of the negative static pressure gradient from 
the bottom of the mound to the top air then flows through the nest before 
being vented from the chimney (Darlington et al. 1997) as shown in Figure 
2.29. 
Air out  
Air In  
Air In  
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Figure 2.30: schematic diagram showing the unidirectional ventilation mechanism in 
Macrotermes Jeanneli. Adapted from (Darlington et al. 1997)  
 
Diurnal Ventilation Mechanisms 
 
Korb and Linsenmair (1998a; 2000a; 1998b; 2000b) and Korb (2003) 
conducted extensive research on the Macrotermes bellicosis species. The 
effect of ambient temperature on the density and distribution of the 
Macrotermes bellicosus mounds was examined in the Ivory Coast, West 
Africa.  Their observations led the authors to extend the research on the effect 
of temperature on mound structure (Korb and Linsenmair 1998a).   According 
to Korb and Linsenmair (1998a; 2000a), the prime reason behind different 
mound structures in the different habitats is to regulate the nest temperature 
and keep it, with the help of metabolism-induced heat, at about 30°C which is 
optimal for the growth of the colony and fungus.  They concluded that mound 
structure alone resulted in a relatively constant nest temperature (Korb and 
Linsenmair 2000a) of 27˚C. The production of metabolic heat by the termites 
Air out  
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and fungus increased the temperature from 27˚C to an optimal nest 
temperature of 30˚C.  
 
Korb  and Linsenmair (2000b) and Korb (2003) believe that the ventilation 
mechanism for the Macrotermes bellicosis mounds differs depending on the 
external temperature, and whether it is day, or night time.  The two distinct 
structures of Macrotermes bellicosis have different implications on the colony 
ventilation. The ventilation mechanism was tested by investigating 
temperatures, carbon dioxide concentrations in and around the two types of 
Macrotermes bellicosis mounds.  The thin-walled multi-spire mounds that are 
present in the savannah, exhibit two different ventilation mechanisms for the 
day (Figure 2.30a) and night (Figure 2.30b) times.  
 
 
 
Figure 2.31: Schematic diagram of Macrotermes bellicosis mounds in the open savannah 
areas showing the direction of flow inside the mound at day (a) and night (b) times. Adapted 
from (Korb 2003) 
 
 
ba
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During the Day: 
• Warm ambient temperatures cause temperature gradients between the 
cooler nest and the warm ambient air at the mound top leading to 
downward convection currents at the mound central channels.  
• Air rises inside the peripheral air channels of the ridges toward the top of 
the mound and ‘pulls’ carbon dioxide-rich air from the nest into the ridges 
• As the air rises, respiratory gases are exchanged in what was termed by 
Korb and Linsenmair (2000b)  ‘externally driven ventilation’.  
 
Consequently, thermal radiation on the mound surface is the major driving 
force for ventilation during the day. According to Korb’s analogy, buoyancy 
(convection) forces, resulting from temperature gradients inside the mound, 
are responsible for a circulatory ventilation mechanism inside the mound. In 
buoyancy driven flows, air moves upwards in the air channels from the 
warmer to the cooler areas, provided that positive buoyancy forces are 
significantly stronger than negative ones (Incropera and DeWitt 2001).  
However, the resulting ventilation mechanism has an inverse circulatory flow 
to that of Lüscher’s thermosiphon mechanism.  
 
At night (Figure 2.30b), the gas exchange mechanism changes as 
temperature gradients invert when ambient temperatures fall below those in 
the nest (Korb and Linsenmair 2000b) 
• Warm, CO2-rich air flows upward inside the central shaft from the nest to 
the top of the mound (similar to a thermosiphon mechanism), but without 
reaching the ridges 
• Gas exchange is restricted to the top of the mounds. According to Korb, 
this is the prime reason behind the elevated carbon dioxide levels during 
the night when compared to the carbon dioxide levels during the day due 
to the change in the size of the gas exchange area between day and night. 
 
Korb (2003) believed that the Macrotermes bellicosus mounds (Figure 2.31) 
that are located in the forest habitats, exhibit a ventilation mechanism that was 
different from the Thermosiphon mechanism.  These mounds are dome-
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shaped, earthen structures with thick walls that have lower surface complexity 
when compared to the savannah mounds of the same species (Figure 2.30).  
The spire section of these mounds has the thinnest skin thickness when 
compared to the rest of the mound skin thickness.  The dome-shaped mounds 
also alter the mechanism of gas exchange: circulating air channels are 
lacking, the largest of these channels is the central chimney that rises from 
above the nest to the top of the mound, where it can extend into a spire of up 
to 2 m.  Such spires have comparatively thin walls, especially in the upper 
parts. Gas exchange seems to occur mainly through the spire.  Driven by 
buoyancy (natural convection), air rises from the nest upward to the spire.  As 
the gas exchange surface area is limited, carbon dioxide concentrations are 
higher in the forest mounds than in the savannah.  
 
 
 
Figure 2.32: Schematic diagram of Macrotermes bellicosis mounds in the gallery forest areas 
showing the direct ion of flow inside the mound. Adapted from (Korb 2003) 
 
Tidal ventilation Model 
 
Turner conducted a number of experiments on Odontotermes transvaalensis 
(Turner 1994) and Macrotermes michaelseni (Turner 2001) mounds. He 
formulated a tidal mechanism of ventilation based on the findings of these 
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studies.  Odontotermes transvaalensis species build open hollow chimney 
mound structures which rise up to 2 m above the ground level.  A number of 
surface channel openings are present at ground level.  These openings are 
connected to the colony nest.  The nest is located 2 m below the ground 
surface as shown in Figure 2.33. 
 
According to Turner (1994):  
• Under near-still ambient air conditions buoyancy may be responsible for 
moving the air from the nest to the chimney in a unidirectional flow path.  
• In moderately windy conditions, the induced flow appears to draw air out of 
the chimney mouth in a predominantly unidirectional flow path from the 
surface channel openings at ground level to the open chimney.  
• During gusty or turbulent wind conditions outside air can be driven into the 
chimney mouth, opposing the direction of flow predicted for induced flow.  
 
Turner (1994) concluded that the ventilation in open chimney mounds is not 
unidirectional but tidal. Depending on the speed of the ambient winds, flow 
can be upwards or downwards in the chimney.  According to Turner, the 
ventilation of these colonies is probably solely for maintaining the percentages 
of respiratory gas because capping of the chimney caused little effect on 
colony temperature.  
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Figure 2.33: Schematic diagram of colony of Odontotermes transvaalensis (Turner 1994). 
 
Turner (2001) investigated the rates of movement of gases in the 
Macrotermes michaelseni mound by conducting a number of tracer gas 
experiments.  Humidity, temperature, and oxygen were also measured at 
different sites within the mound including the nest, chimney, and mound 
external surface.  The velocities of ambient wind and pressure were measured 
in the upwind, downwind and flanking (lateral) sides of the mound.  
 
The following results were obtained for the patterns of air movement in nest 
and mound of Macrotermes michaelseni in (Turner 2001):  
• The external turbulent winds produce positive pressure on the upwind 
external surface and negative/suction pressure on the lateral and 
downwind sides of the mound resulting in bulk air moving into the mound 
from the upwind side and departing from the lateral and downwind sides 
as shown in Figure 2.34.   
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Figure 2.34: 3D image of flow entering the mound from the upwind side (in pink) and flow 
leaving the mound interior from the lateral and downwind sides. Adapted from (Turner 2008)    
 
• There is a two way exchange between the surface conduits and chimney 
through the lateral connectives which is strongly dampened.  However, 
movement from the chimney to the surface conduits is faster than the 
movement from the surface conduits to the chimney.  The prevailing flow 
direction in the lateral connectives is from the chimney to the surface 
conduits. 
• Air moves both ways between the chimney and the nest and is influenced 
by variations in the wind speed.   
o At higher wind speeds, the wind momentum transferred to the mound 
top through the mound skin is stronger than the metabolism-induced 
buoyancy at the nest.  As a result, the flow within the chimney is biased 
downwards towards the nest. 
o At lower wind speeds and wind lulls, flow within the chimney is biased 
upwards because the metabolism-induced buoyancy is dominant to the 
wind-induced forces  
o The turbulent nature of the external wind velocities results in upward 
and downward movement within the central chimney 
 
Metabolism-induced buoyancy forces are not significant in driving bulk flows in 
the mound (Gr << 105), however, buoyancy might be the driving force for 
flows from the nest to the lower chimney.  Flow of air in the upper chimney 
and surface conduits is driven by pressure gradients that are generated by the 
wind on the external mound surface.  The ambient wind exerts its strongest 
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effect on the mound’s network of surface conduits through the porous mound 
walls.  The interaction between the buoyancy forces generated in the nest and 
the pressure gradients generated by the external wind, developed areas of 
natural convection and diffusion, forced convection and mixed zone where 
natural and forced convection forces interact as shown in Figure 2.34a.  
According to Turner and Soar (2008) the mound and termite colony are 
analogous to the mammalian lung (Figure 2.35b) due to the existence of these 
three zones as follows: 
• Diffusion phase exists within the termites themselves that reside in the 
nest acting like the alveoli in the lung.  The nest is dominated by low 
natural convection/buoyancy forces. 
• The middle and lower chimney act as the end-branch bronchi and 
bronchioles where the mixed natural and forced convection forces regime.   
• The network of surface conduits and the mound top are dominated by the 
forced convection forces from the external wind as the Trachea and 
bronchi.  
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Figure 2.35: a) patterns of flow inside a Macrotermes michaelseni mound showing the three 
different flow regimes depicted by Turner (2001) (figure was adapted from (Turner 2001)) and 
b) the corresponding flow regime inside a mammalian Lung (figure was adapted from (Turner 
and Soar 2008))  
 
Turner (1994; 2001) and Turner and Soar (2008) imply that the ventilation 
mechanism in both open and closed mounds is tidal where there is a two way 
flow within the central chimney.  This flow is generated due to the interaction 
between the two opposing forces; buoyancy and forced convection which is 
governed by the fluctuation in the external wind velocities.   
 
2.4 Implications of Research on Mound Structure and Function 
 
The internal structure of mounds revealed by Ruelle (1962) highlighted the 
complex nature of the internal conduit str0.ucture of termite mounds.  
However, these images only give an impression of the structure of the 
conduits in a termite mound.  To get a deeper understanding of the 
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relationship between form and function it is necessary to have qualitative data 
such as length and diameter of the mound and internal conduits, and porosity 
and thickness of mound walls.  Darlington (1984; 1985; 1988; 1997) produced 
schematics for simplified representations of the internal structure 
Macrotermitinae mounds.  These schematics tend to leave out the complexity 
of the internal structure of these mounds for descriptive clarity.  Turner 
(2000a) reported data for the internal and external structures of Macrotermes 
michaelseni mounds.  The images of the sectioned termite mounds omitted 
the reticulated nature of its internal structure.  The interconnectivity among the 
surface conduits, nest structure, and central chimney is not clear despite the 
above attempts to unravel the internal structure.  Minimal data are available 
for the skin structure and egress channels within.  Therefore, a more detailed 
visualisation technique had to be devised in this thesis to provide better 
quantitative and qualitative analysis for the structure of Macrotermes 
michaelseni mounds. 
 
The literature discussed in this chapter attempts to understand the 
relationship between the structure and the ventilation mechanism of mounds 
constructed by different species of termites.  Numerous studies have been 
carried out on Macrotermes bellicosis mounds but there is insufficient detailed 
information available for this species.  Macrotermes michaelseni is the most 
studied species with the most up-to-date data that has been used as a basis 
for the work reported in this thesis.    
 
A number of different mechanisms have been proposed to explain the 
ventilation of termite mounds, including those built by Macrotermes 
michaelseni.  Of these, the most comprehensive account is Turner’s 
mechanism.  Since that the majority of Macrotermes michaelseni mounds are 
built in the open savannah fields where windy conditions are prevalent, it is 
hypothesized in this thesis following Turner (1994; 2001) that in these cases 
bulk movement of air is the dominant mechanism for gas exchange between 
the mound and its ambient environment.  Chand et al. (1975), Ernest (1991), 
and  Ernest et al. (1992) indicated that the main driving force for internal flows 
within naturally ventilated buildings is external winds.  The interaction between 
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the external winds and the building structure generate pressure gradients 
which in turn drives the flow into and out of the buildings through the windows.  
The porous skin allows air to flow through its pores either in or out of the 
mound primarily due to the pressure differential generated by the turbulent 
winds. The efficiency of the colony ventilation and accordingly the respiratory 
gas exchange is largely dependent on the permeability and external topology 
of the porous mound skin. 
 
Whilst Turner’s ventilation mechanisms is supported by a substantial body of 
his field measurements, it is very challenging in these circumstances to 
capture all the information needed to comprehensively describe the flow, heat,  
and mass transfer.  If sufficiently detailed information regarding the mound 
geometry and internal structure was available, a more comprehensive account 
of the field flow inside the mound and its interaction with the external wind 
environment could be developed through a numerical study.  In the following 
chapters, the flow through the mound skin and the interaction between the 
external topology of the mound and turbulent winds has been studied and 
modelled to examine how they affect the efficiency of air inflow into the 
Macrotermes michaelseni mounds.  The mound wall structure and the 
external topology of the Macrotermes michaelseni mounds have been studied 
in detail.  Furthermore, the mound internal structure and colony nest are to be 
closely examined to determine how are the mound conduits interconnected 
and connected to the nest, and whether there are any structural elements that 
might generate resistance to flow through the mound walls.  The structural 
analysis of the mound external and internal structures is based on number of 
field experiments and a 3D computer model of the Macrotermes michaelseni 
mound structure.  The 3D model has been based on scanning the structure of 
a Macrotermes michaelseni mound in-situ.  This has provided an 
unprecedented level of detail for the mound external and internal structures.  It 
is essential to capture the internal and external geometry of a Macrotermes 
michaelseni mound at a resolution that is enough to include the fine structure 
of egress channels within the mound walls to be able to create models that 
could be used for examining the flow through and around the walls of a 
Macrotermes michaelseni mound.  The resulting structural information has 
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been used in this work to quantify the mound skin porosity and permeability 
and to develop Computational Fluid Dynamics CFD models to study the flow 
through the mound skin and its interaction with the ambient wind.  In the 
following chapter the most important aspects of CFD in porous flow modelling 
are reviewed. 
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3 CFD modelling of Flow Through and Around 
Porous Structures 
 
 
Before examining the mound skin structure, external topology, and internal 
mound structure, it is required to discuss the investigation methodology and 
techniques adopted for the properties of the flow through and around the 
mound skin.  This would help to determine the critical parameters and 
characteristics to studies of the mound internal and external structure 
(explained in the following Chapter).  This work is set to analyse the bulk flow 
of air (carrying respiratory gases) and not the molecular diffusion of the 
respiratory gases through and around the porous Macrotermes michaelseni 
mound skin.  The study of the interaction between the turbulent wind flow and 
the external conical topology of the mound skin and its effect on the flow 
patterns through the mound skin has been followed.  Chapter 2 reviews a 
considerable body of field work but this suffers from the problem that it is not 
possible to control the boundary and operating conditions.  This makes the 
replication of experiments extremely difficult.  There are problems associated 
with generalising findings unless tests are conducted with a large array of 
sensors to document the ambient environment.  Furthermore, it is not feasible 
to visualise and measure the flow patterns through and around the mound 
skin on site and over a substantial time period.  Alternatively, it might be 
possible to reconstruct 1:1 scale physical model of a termite mound model 
and visualise the flow patterns, and measure the required variables in a lab.  
However, this would require access to a very large environmental wind tunnel.  
The alleviation of some of these drawbacks through the use of scaled wind 
tunnel models is not possible due to difficulties associated with the 
construction of geometrically scaled porous material and with simultaneous 
scaling of inertial viscous and buoyancy effects. 
 
Experimental investigation of the flow either in the field or in a lab is 
problematic.  The application of Computational Fluid Dynamics (CFD) is a 
capable cost effective technique for modelling a variety of fluid flows.  In this 
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chapter, an introduction to CFD and the techniques for solving fluid flow will 
be presented.  Understanding CFD is important in investigating the fluid flow.  
The chapter is divided into three main sections.  The first section briefly 
considers the mathematical equations governing the flow, the methods used 
to solve these equations, and the turbulence models that have been 
employed for air flow around bluff bodies.   Next, a review is presented of the 
background literature concerned with the modelling of flow through porous 
media with embedded structures and flow around structures with regular and 
irregular shapes.        
     
3.1 Overview of Computational Fluid Dynamics 
 
Computational Fluid Dynamics or CFD is the analysis of systems involving 
fluid flow, heat transfer and associated phenomena such as chemical 
reactions by means of computer based simulation (Versteeg and 
Malalasekera 1995). The governing equations, methods used to solve these 
equations, and turbulence models, will be discussed in this section.  The 
aspects of CFD that are important in understanding the modelling issues and 
techniques adopted in this work will be indicated    
 
3.1.1 Governing Equations of Fluid Dynamics       
 
The French engineer Claude Navier and the Irish mathematician George 
Stokes introduced the well known fluid motion equations known as the Navier-
Stokes equations.  These equations have been derived from the conservation 
laws of physics; momentum, continuity, and energy equations: 
 
• Momentum equation: By applying Newton’s Second Law of Motion, the 
momentum equation is expressed in terms of the pressure and viscous 
stresses acting on a particle in the fluid.  This ensures that the rate of 
change of momentum of the fluid particles is equal to the total force due to 
surface stresses and body forces acting in an aligned direction of a chosen 
coordinate axis. 
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• Continuity equation: Equation based on the law of conservation of mass.  
Applying this concept to fluid flow, we ensure that the change of mass in a 
control volume is equal to the mass that enters through its faces minus the 
total mass leaving its faces. 
• Energy equation: Based on the First Law of Thermodynamics, the rate of 
change of energy of a fluid particle is taken to be equal to the net rate of 
work done on that particle due to surface forces, heat and body forces 
such as gravitational force.  The energy equation describes the transport 
of heat energy through a fluid and its effects. 
 
For the work presented here it is assumed that the flow is adiabatic because it 
is hypothesised in this work that wind is the dominant force for driving 
ventilation in Macrotermes michaelseni mounds as indicated by (Turner 
2001).  Therefore the Navier-Stokes energy equation will not be discussed.  
The flow is also assumed to be single-phase, incompressible, and Newtonian.  
The momentum and continuity Navier-Stokes equations are solved using 
methods described in (Versteeg and Malalasekera 1995).  The Navier-Stokes 
equations for the fluid flow in this work were adapted from Versteeg and 
Malalasekera (1995).  They are expressed in the 3D Cartesian tensor notation 
as shown in equations 3.1 and 3.2: 
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The Si term represents the momentum sink contributing to the pressure drop 
due to the porous medium. 
 
3.1.2 Solution of Navier-Stokes in CFD  
 
The Navier-Stokes momentum and continuity equations governing the fluid 
flow are numerically solved in CFD.  CFD codes, including Fluent® which is 
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used to conduct CFD simulation in this work, are based on three main 
elements; pre-processor, solver, and the post-processor. 
 
• Pre-processor: employed to fully specify a CFD flow problem in a form 
suitable for the use of the solver.  The region of fluid to be analysed is 
called the computational domain and it is made up of a number of discrete 
elements called the mesh.  The users need to define the properties of fluid 
acting on the domain before the analysis has begun; these include 
external constraints or boundary conditions, like pressure and velocity to 
implement realistic situations. 
• Solver: a program that calculates the solution of the CFD problem where 
the governing equations are solved.  This is usually done iteratively to 
compute the flow parameters of the fluid until convergence of the 
simulation residuals.  Usually convergence is achieved to an acceptable 
level when residuals are reduced by four to six orders of the magnitude of 
their starting values.  Upon convergence an accurate solution of the partial 
differential equations is obtained. 
• Post-processor: used to visualise and quantitatively process the results 
from the solver.  In a contemporary CFD package, the analysed flow 
phenomena can be presented in vector plots or contour plots to display the 
trends of velocity, pressure, kinetic energy and other properties of the flow. 
 
3.1.3 Discretizaton 
 
To conduct numerical simulation of a fluid problem in CFD, the computational 
domain, containing the fluid and object immersed in the fluid, is to be divided 
into smaller sections.  This can be achieved by some arrangement of regularly 
and irregularly spaced nodes around the computational domain known as the 
mesh.  The mesh breaks up the computational domain spatially and the 
numerical solution aims to give answers only at discrete nodes in the domain.  
The process of transforming the continuous fluid flow problem into discrete 
numerical data which are then solved by the computer is known as 
discretizaton.  It is found in three types; equation discretizaton, spatial 
discretizaton and temporal discretizaton.   
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Equation discretizaton 
 
Equation discretizaton is the process of transforming the partial differential 
governing equations into a numerical analogue that can be solved by 
computer.  In CFD, it is usually performed by using the Finite Volume Method 
FVM.   
 
In FVM, the computational domain is separated into a finite number of 
elements known as control volumes.  The governing equations of fluid flow 
are integrated and solved iteratively based on the conservation laws on each 
control volume. The discretization process results in a set of algebraic 
equations that resolve the variables at a specified finite number of points 
within the control volumes.  FVM can be used both for the structured and 
unstructured meshes.  Since this method involves direct integration, it is more 
efficient and requires less computational power when compared to the Finite 
Element Method FEM which is mathematically similar to FVM.  Hence, FVM is 
more common practice in recent CFD codes, including Fluent.  
 
Spatial discretization 
 
Spatial discretization divides the computational domain into small sub-
domains making up the mesh.  All mesh types in CFD comprise nodes at 
which flow parameters are resolved.  Three main types of meshes commonly 
used are structured (Figure 3.1a), unstructured (Figure 3.1c) and multi-block 
structured mesh (Figure 3.1b).  A structured mesh is built on a coordinate 
system, which is common in bodies with simple geometries such as square or 
rectangular cross sections the boundaries of which can be conveniently fitted 
in Cartesian coordinate.  The topology of a structured mesh is simple, so this 
method enables access to neighbouring points easily and quickly by adding or 
subtracting an integer spatial index value.  Somewhat more complex 
geometries such as the half circle shown in Figure 3.1 can be meshed using 
coordinate transformation. However, several control volumes have showed 
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shapes where the solution is likely to be less accurate.  Consequently, a 
structured mesh is ineffective for more complex geometries.  Therefore, 
unstructured meshes were introduced to cope with complex geometries like 
the mound structure.   
 
 
Figure 3.1: An example of a) 2D structured mesh, b) 2D structured multi-block mesh and c) 
2D unstructured mesh. Adapted from (Centre for Computational Technologies Anon 2008b) 
 
In an unstructured mesh, the nodes can be placed accordingly within the 
computational domain depending on the shape of the body, such that different 
kinds of complex computational boundaries and geometries can be simulated.  
Since the arrangement of nodes has no particular order, neighbouring points 
cannot be directly identified.  A numerical approach has to be used to 
describe how each node is connected to the surrounding control volumes.  An 
unstructured mesh works well around complex geometries but is more 
computationally expensive than a structured mesh on the same geometry.  
 
In CFD, a mesh independence test is important in order to achieve a 
statistically accurate and converged solution.  This means that changes in the 
mesh resolution do not affect the numerical solutions significantly.  A mesh 
independence test is accomplished by refining the mesh resolution of the 
computational domain gradually until an acceptable percentage error in 
simulation results is achieved.  In other words, a mesh independence test is to 
check the convergence of the simulation with respect to spatial resolution. 
 
Temporal discretization 
 
The third category of discretizaton is the temporal or time discretizaton. 
Temporal discretizaton splits the time in the continuous flow into discrete time 
steps.  In time-dependent formulations, an additional time variable t is present 
a b c
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in the governing equations compared to the steady state analysis.  This leads 
to a system of partial differential equations in time, which comprise unknowns 
at a given time as a function of the variables of the previous time step. Thus, 
unsteady simulation requires longer computational time compared to a 
steady-state due to the additional step between the equation and spatial 
discretizaton.  Either the explicit or implicit methods can be used for unsteady 
time-dependent calculation.  In an explicit calculation, a forward difference in 
time is taken when calculating the time by using the previous time step value.  
An explicit method is normally straight forward, but each time step has to be 
kept to a minimum to maintain computation stability and convergence. On the 
other hand, the implicit method computes the simulation parameters values of 
a time step at the same time level/in real time based on a backward difference 
method.  This results in a larger system of linear equations where unknown 
values at a time step have to be solved simultaneously. 
 
The principal advantage of implicit to explicit is that larger time steps can be 
used, whilst maintaining the stability of the simulation (Blazek 2001).  A 
smaller time in an explicit method implies longer computational time but it is 
relatively more accurate. 
 
3.1.4 Turbulence Modelling 
 
The ambient winds surrounding the termite mound structure are turbulent in 
nature.  It is imperative to discuss turbulence modelling in CFD so that the 
suitable turbulence model is chosen for the flow simulation in this work.  
Turbulence is the chaotic nature of  flow in motion showing random variation 
in space and time (Street et al. 1996).  Turbulent flows are characterized by 
their irregularity, three-dimensionality and dissipative nature.  Turbulence 
contains eddies with different sizes which are always rotational in motion.  
Different scales of eddies are found in a flow. Large scale eddies are 
responsible for the carrying of energy and transfer of momentum in the flow.  
The smaller scale eddies, where dissipation of energy occurs, are known as 
the Kolmogorov scale eddies (Bohr et al. 1998).  The large eddies extract 
energy from the mean flow and transfer it to the smallest eddies where energy 
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is taken out of the flow through viscous dissipation.  This is known as the 
energy cascade process in the study of turbulence. 
 
Modelling the complex non-linear dynamics of turbulence is a major 
challenge.  There are three different CFD methods for turbulence modelling: 
Direct Numerical Simulation DNS and turbulence model approximation 
(including Reynolds-averaged Navier Stokes RANS and Large Eddy 
Simulation LES. 
 
DNS 
 
DNS directly solves the unsteady Navier Stokes equations without 
approximation.  Very fine spatial mesh resolution is required by the DNS as 
well as appropriately small time steps over a sufficiently large time intervals so 
that the largest and smallest turbulent eddies can be computed.  For example, 
when using DNS, a quad mesh of (say) 0.001 m resolution for a cube of 
1x1x1 m, would need up to 109 mesh cells with time steps under 100 μs over 
time periods of tens of seconds which would require top end super computers.  
The high computational expense renders DNS not feasible in most cases.   
 
LES 
  
Large eddy simulation LES, separates the 3D unsteady Navier–Stokes 
equations governing the flow into larges and small eddies.  Large eddies are 
computed in a 3D and time-dependant simulation.  Small eddies are modelled 
using a subgrid scale model (Ferziger 1993).  Thus, the main flow structure is 
resolved directly, while only the small scale eddies are approximated.  This 
makes the use of LES advantageous when modelling turbulent aerodynamic 
loads on structures, such as wind loads on large buildings and structures as 
shown in (Jiang and Chen 2002; Zhang and Chen 2000).  LES was 
satisfactorily applied to model turbulent flow through a periodic array of square 
cylinders representing a porous medium (Kuwahara et al. 2006).  LES is less 
computationally expensive when compared to DNS because it doe not require 
such fine mesh resolutions.  However, it is computationally expensive 
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because it requires high speed computing or long running times.  This was 
highlighted by Jiang and Chen (2002) who indicated that LES is informative 
and shows potential but it is demanding in terms of computing time and 
power.  Hence, using LES to model the turbulent wind flow around the mound 
external surface is not feasible due to the large size of the computational 
domain containing the mound skin structure in 3D.   
 
RANS  
 
The Reynolds-averaged Navier-Stokes (RANS) equations are produced from 
the Navier-Stokes equations by time averaging.  RANS are used to study the 
time-averaged behaviour of turbulent flows.  The effect of turbulent eddies on 
the time-averaged flow must be modelled within the framework of RANS 
equations.  Whilst some inaccuracies arise from this, the advantage of RANS 
based modelling of turbulent flows is that the models of the effect of turbulent 
eddies are compact and robust, which substantially reduces the computational 
expenses.   
 
The flow is divided into mean and fluctuating components in the RANS 
approach to modelling turbulence: 
 
uUU ′+=                   (3.3) 
 
Where U is the turbulent flow velocity (m/s), U is the mean flow velocity, and 
u′  is the instantaneous flow velocity.  The time averaging velocity component 
is defined as 
 
∫= T UdtTU 0
1                   (3.4) 
 
Where T is the averaging time of the simulation, which is chosen to be large 
compared to the typical timescale of turbulent fluctuation. 
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Application of the time averaging process defined by Equation (3.4) to the 
Navier-Stokes equations results in the time-averaged Navier-Stokes 
equations. 
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The time-averaging of the Navier-Stokes equations give rises to the unknown 
term jiuu , which are the result of correlation between the fluctuating velocity 
components and is known as the Reynolds stress term.  The Reynolds stress 
needs to be specified which leads to the closure problem.  Turbulence model 
assumptions are needed to estimate these unknowns. 
 
Of the above three turbulence models, RANS is the most economical which 
makes it suitable for air flows around and within structures.  The simplest 
RANS models have been developed based on the concept that a velocity 
scale and a length scale are sufficient to describe the effect of turbulence in a 
flow (Versteeg and Malalasekera 1995).  Estimates of the velocity and length 
scales of the flow from the local mean flow quantities are combined to obtain 
turbulent viscosity from the mean velocity gradient.  However, this isotropic 
model fails to simulate more complex flow.  At the other end of the spectrum, 
the Reynolds stress model (RSM) (Launder and Rodi 1975) copes with more 
complex flows by considering the anisotropic features of turbulence.  In this 
model, the transport of Reynolds stresses is dealt with by solving differential 
transport equations that describe the main source, sink, and diffuse processes 
in modelled form, giving a more sophisticated account of the dynamics of 
turbulence. These transport equations are then combined with the Navier-
Stokes equations in order to solve the flow in a closed set of differential 
equations.   
 
RSM gives more accurate solutions of complex flows than the eddy viscosity 
model because it simulates the anisotropic nature of turbulence more 
realistically.  However, this model is more computationally expensive.  Two 
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equation RANS models require less computer power when compared to RSM.   
In these models, the first equation accounts for the effect of the transport of 
turbulence kinetic energy by considering the energy transfer in the flow. The 
second equation, accounts for the turbulence eddy length scale.  In CFD, k−ε 
and k−ω turbulence models are the most widely used RANS two equation 
models. 
 
According to Chen (1995; 1996), the best RANS turbulence models for 
predicting the internal and external flow are the standard k−ε and the 
Renormalisation Group (RNG) k−ε models.  The RNG k−ε model is designed 
to predict fluid flow for high and low Reynolds numbers.  Mixtures of these two 
flow regimes are observed in the around and within buildings.  Various 
publications have since highlighted the ability of the two equation RNG k−ε, 
developed by Yakhot et al. (1992), to produce enhanced efficiency in 
predicting internal and external flows relative to structures.  A study by Posner 
et al. (2003) to compare several k−ε models showed that RNG k−ε model 
simulation results agreed better with the experimental data than those from 
the standard k−ε model.  Gebremedhin and Wu (2003) compared five RANS 
models to model a ventilated animal facility, and concluded that the RNG k–ε 
model is most appropriate for characterizing the flow field and is 
computationally stable.  Evola and Popov (2006) compared the CFD 
predictions for a wind driven natural ventilation in a cubic building of four 
turbulence models with experimental observations. The numerical results 
obtained using the RNG method showed good agreement with experimental 
data.  The discrepancy between the calculated and measured ventilation rates 
was below 10%.  RNG k-ε model was also recommended by Bastide et al. 
(2007) for modelling turbulence in flows with low Reynolds number for 
buildings with two large opposite external openings. 
 
The RNG-based k−ε turbulence model is derived from the instantaneous 
Navier-Stokes equations, using a mathematical technique called 
"renormalization group'' (RNG) methods (Fluent 2005).  The two equation 
RNG k−ε turbulence model solves the transport of turbulence kinetic energy k 
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and the turbulence energy dissipation rate ε which is related to the eddy 
length scale L as follows: 
 
L
k 2/3=ε             (3.6) 
 
Turbulence kinetic energy and the energy dissipation rate are then combined 
to obtain the turbulent viscosity μt using the dimensional analysis (Versteeg 
and Malalasekera 1995) 
 
ερμ μ
2kCt =             (3.7) 
 
The empirical constant Cμ is 0.0845 for the RNG k-ε model (Fluent 2005).  
The turbulence kinetic energy k and energy dissipation rate ε were determined 
using the RANS transport Equations (3.8) and (3.9):  
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Where Gk represents the generation of turbulence kinetic energy due to mean 
velocity gradients as shown in Equation (3.10).   
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The effective viscosity μeff is given by the following differential Equation which 
is a combination of two equations provided in (Fluent 2005): 
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According to the Fluent Manual (Fluent 2005), the empirical constants Cε1 and 
Cε2 are equal to 1.42, and 1.68 respectively and the effective Prandtl numbers 
σk and σε have a maximum value (for high Reynolds Numbers) of 1.39. 
 
3.2 Modelling of Flow through Porous Media 
 
Flow through porous media has long been a subject of interest in the field of 
engineering.  This interest has been largely due to the beneficial engineering 
applications that are based in part or all on porous materials, such as micro-
electro-mechanical systems, and compact heat exchangers.  Some of the 
current engineering applications and equipment are built with components that 
are made of cubic and/or cylindrical open channels, open at both ends, which 
are encased partly or totally with porous walls.  Fang in (2004a) analysed the 
pressure driven Poiseuille flow in a channel with circular cross section and 
porous walls to obtain an analytical solution for the transient velocity and the 
steady state temperature profile and the impact of mass transfer through the 
porous walls on the transient velocity and steady state temperature.  Fang 
(2004b) also evaluated the unsteady laminar Newtonian fluid flow in a tube of 
rectangular cross section with porous walls.  The viscous flow of a Newtonian 
fluid in a channel with a square cross section where only one wall is porous 
was numerically analysed by Deng and Martinez (2005).  Zaturska and Banks 
(2003) analyzed the flow of a Newtonian fluid in a tube of rectangular cross-
section.  Kamışlı (2008) studied a fully developed laminar flow in a channel 
with rectangular cross section where the two opposite larger plates are porous 
and at different temperatures.                            
It is noted that none of the above literature has considered or studied the flow 
through circular channels where one of the two ends is closed as is the case 
with the egress channels in the mound skin that are not open to the mound 
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external surface.  All the studied channels are at least open from two sides 
which can be similar to the case of egress channels that are open during rainy 
conditions.  Also the diameter or cross section, of the channels studied in the 
above literature, is larger than the thickness of the encompassing porous 
walls.  This is clearly not the case in the mound skin where the egress 
channels are surrounded by a layer of the mound skin that is greater than the 
diameter of these channels as was shown in Chapter 4.   
To model the flow through the mound skin, it is imperative to review modelling 
of flow through porous media.  Flow through porous media was first described 
by Henry Darcy in 1856.  Porous media flow is characterised by the linear 
relationship between the pressure drop (ΔP) across the porous medium length 
(L) and the superficial flow velocity through the porous media (v) as expressed 
by the Darcy Law Equation 3.12 below (Nield and Bejan 2006). 
 
vD
L
P
p ..μ−=Δ           (3.12) 
 
Where Dp is the Darcian/permeability inverse factor 1/K. Porosity refers to 
volume fraction of void space (Bear 1988). In termite mounds, this void space 
can be actual space filled with air or space filled with both water and air.  
Transport in porous media can be due to three different mechanisms.  
According to Datta and Zhang (1999) these mechanisms are; molecular 
diffusion, capillary diffusion, and convection/Darcy flow.  Since that the flow 
through the pores is assumed to be single phase in this is work where the fluid 
is air and that the bulk movement of air instead of diffusion is the dominant 
flow regime, only the convection/Darcy flow mechanism is discussed.  
 
A number of researchers  (Beavers et al. 1973; Davis et al. 1992; Lage 1998) 
have indicated that Darcy’s law is valid only for low flow rates where the pore 
velocity is low.  This validity is determined based on the porous media flow 
Reynolds number (Bear 1988)  
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Where dg is the porous media grain diameter.  According to Bear (1988) the 
use of Darcy’s law to predict the pressure drop across the porous medium is 
valid as long as the porous media flow Reynolds number does not exceed 1.  
In this case the relationship between the pressure drop and the 
discharge/superficial flow velocity across the porous media is linear.  For 
higher flow velocities, where the Reynolds number exceeds 1, the influence of 
inertia and turbulence becomes more significant and the relationship between 
the pressure drop and discharge/superficial flow velocity becomes more 
quadratic.  This phenomenon is also known as the non-Darcian flow 
behaviour (Medraj et al. 2007).  The pressure drop across a homogenous 
porous medium for steady fluid flow can be expressed by the Darcy-
Forchheimer model (also known as the Hazen-Dupuit-Darcy model) as shown 
in Equation 3.14.   
  
⎥⎦
⎤⎢⎣
⎡ +−=Δ vvCvD
L
P
pp .2
1. ρμ          (3.14) 
 
Where Cp is the inertial resistance/Forchheimer factor for the flow across the 
porous media.  As described by Boomsma and Poulikakos  (2002), the Darcy-
Forchheimer model accounts for the quadratic form of the relationship 
between the pressure drop and flow velocity which becomes more prevalent 
as the flow velocity increases.  Equation 3.14 reduces to the Darcy law 
(Equation 3.12) at low pore velocities, however, at high pore velocities the 
quadratic term on the second half of the equation prevails.  Therefore, the 
Darcy-Forchheimer model is capable of modelling both low and high velocity 
flow regimes in porous media. 
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3.3 Modelling of Flow around Structures 
  
The Darcy-Forchheimer model Equation (3.13) indicates that the differential 
pressure across the porous media is the driving force for the bulk flow through 
the porous media.  In effect, modelling the bulk flow through the mound skin 
and into the mound interior requires modelling of the pressure distribution on 
the mound external surface.  The flow around structures with 
regular/conventional shapes and its effect on the external surface pressure 
distribution and/or induced internal flows have been studied extensively.  A 
detailed review of wind tunnel modelling of flows around conventional cubical 
and cylindrical structures was conducted by Meroney (1988).  He also studied 
the external pressure distribution and the induced local/internal flows as a 
result of external turbulent winds by conducting wind tunnel experiments.  
Modelling of flow around structures with unconventional/irregular shapes has 
received less attention.  Okamoto et al. (1977) carried out wind tunnel 
investigation of surface pressure distribution and the characteristics of wake 
flow behind a conical structure mainly for the purpose of aviation behind 
conical structures such as mountains.  Turbulent wind flow around L-Shaped 
and U-Shaped bodies were numerically evaluated and compared to wind 
tunnel experiments by (Stathopoulos and Zhou 1993) to analyse the pressure 
distribution around the external surface of these structures.  Gomes, et al. 
(2005) conducted wind tunnel experiments to further investigate the influence 
of the L-shape and U-shape structures on the external surface pressure 
distribution assessed over an extended range of wind directions.   
 
The above literature assumed that the studied structures had air-tight walls.  
The pressure distribution on the external surface of these shapes and the 
internal flow patterns were analysed for walls with low porosities.  According 
to Vickery and Karakatsanis (1987) building walls are analysed with porosities 
equal to or less than 0.25.  No analysis of flow through building walls of higher 
porosities, like that of a typical Macrotermes michaelseni mound of 0.6 (Young 
2006), was conducted probably due to the fact that building walls are 
designed to function as walls and not membranes.  
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To the knowledge of this author, flow around and within a structure having a 
shape similar to that of a Macrotermes michaelseni mound with porous walls 
has to-date not been investigated.  the work that come closest to this problem 
was carried out by Chawynski et al (2003) who simulated two different 
ventilation scenarios within a masonry structure (Figure 3.2b) equipped with a 
steel chimney.  The shape of this structure was reportedly inspired by the 
Australian magnetic termite mounds although Figure 3.2a shows that the 
structure did not attempt to model the actual shape of a magnetic termite 
mound very closely. 
 
The first model used only buoyancy to ventilate the model, whilst the second 
relied on forced air being directed through the structure with the use of the 
externally mounted fans to simulate the wind.  It was found that passively 
driven buoyant flows were not as efficient in cooling the structure interior as 
compared to the combination of buoyancy and forced convection forces.  
These findings enabled a better scientific understanding of how a structure's 
thermal performance can be improved by utilising buoyancy and forced 
convection forces by creating a more uniform internal air temperature 
distribution.  Despite the fact that Chawynski et al (2003) applied some of the 
underlying principles of ventilation in termite mounds, they neglected the air 
flow through the termite mound skin by designing the masonry structure with 
solid walls.  Instead a number of openings were designed in the masonry 
structure as air entry and exits areas (Figure 3.2.c).  As a result, Chawynski et 
al (2003) did not study the external air flows around the structure and its effect 
on the external pressure distribution or the induced internal flow.     
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Figure 3.2: a) Australian magnetic termite mounds (Sebo 2002), b) Masonry prototype 
structure that was built to simulate passive ventilation mechanisms in buildings (Chawynski et 
al. 2003), and c) computer model for the prototype building that was created in GAMBIT 
(version 2.0.4). Adapted from (Chawynski et al. 2003) 
 
3.4 Conclusion 
 
The introduction to CFD presented in this chapter indicated its capability to 
predict and visualise the flow patterns around and through the Macrotermes 
a
c
b
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michaelseni mound skin in a cost effective manner in contrast to the 
problematic experimental investigation.  The first section of this chapter briefly 
considered the continuity and momentum governing equations which has 
been used to model the air flow.  The momentum sink, termed as Si, has been 
added to the momentum equation to account for the pressure drop through 
the mound porous skin that is predicted using the Darcy-Forchheimer 
equation.  The mound skin structure and the embedded egress channels has 
beenstudied in Chapter 4 to determine the mound skin thickness and 
permeability needed to model the pressure drop using the Darcy-Forchheimer 
equation.  Also the mound internal conduits and their interconnectivity have 
beenexplored to assess the resistance to flow through the mound skin.  A 
number of turbulence models that have been applied to flow around bluff 
bodies were compared in this chapter to determine which is suitable for 
modelling turbulence in the flow around the mound structure.  Accordingly, 
RANS RNG k-ε model was selected to model turbulence in this work. 
 
The 2D CFD models that have been built in Chapter 5 to study flow through 
the mound skin are going to be meshed using a structured mesh. Whereas 
the 3D CFD models that have been constructed in Chapters 6 and 7 are going 
to be meshed using an unstructured mesh due to the complexity of the 3D 
mound models.  Each of the CFD models in Chapter 5-7 have been subjected 
to mesh dependency studies to determine the mesh resolution needed to 
obtain mesh independent results.     
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4 Analysis of Macrotermes michaelseni Mound 
Structure 
 
 
Studying the flow through and around the mound requires an in-depth 
understanding of the mound structure, including the egress channels, and the 
mound external topology.  It is imperative to gain an understanding of the 
mound internal structure and how the internal conduits are interconnected 
when assessing the resistance to flow through the mound skins and the 
internal flow patterns inside the mound.  This chapter is dedicated to studying 
the mound external topology, internal structure, and the mound skin structure.  
The geometrical data was obtained from the Macrotermes michaelseni 
mounds studied in the course of field work at the Omatjenne Research station 
in Otjiwarongo, Namibia.  Four mounds were filled with plaster to reveal 
various aspects of their topology by washing off the mound skin and soil.  Two 
were studied to obtain the internal structures.  The third yielded the 
subterranean conduits and nest structure and the fourth mound was infiltrated 
by plaster internally and externally and then digitally scanned to gain detailed 
data regarding the mound and skin structures.  A 3D model was reconstructed 
from the scanning data as a tool to studying the internal structure of the 
mound and the interconnectivity of the internal conduits.  Geometrical was 
also obtained with the further purpose to build mound and skin models to 
support the CFD modelling reported in chapters 5 and 6.           
 
The chapter will start by explaining how the four mounds were prepared and 
then used as a tool to visualise and study the mound internal and external 
structures including the egress channels.  The interconnectivity of the internal 
conduits was analysed to assess its effect on the internal flow patterns and 
the resistance to flow through the mound skin. 
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4.1 Revealing Mound Internal Structure 
 
In this section, three experiments were conducted to visualise and study the 
structure of Macrotermes michaelseni termite mounds.  The three 
experiments are; reveal of plaster-filled internal mound structure (henceforth 
termed as revealed mounds), slice-and-scan of mound structure, and the 
construction of mound 3D model.   
 
4.1.1 Reveal of Plaster-Filled Mound and Subterranean Structures 
 
This experiment was conducted as a part of the EPSRC funded TERMES 
project run by R. Soar.  A team of three researchers including the author and 
one technician assisted by some of the Omatjenne Research Station staff 
conducted this experiment.  The author was involved in the plaster-filling 
process as well as the revealing of the internal structure of the four mounds.  
The experiment was inspired by the work carried out by Ruelle (1962) to 
visualise the internal structure of the Macrotermes bellicosus  mounds.  
Instead of infiltrating the mound with cement, plaster was used which has 
shorter setting time and does not mix with the mound soil.  These 
representative Macrotermes michaelseni mounds were selected: M1 (2.47m), 
M2 (2.5m), and M3 (2.37m) for the plaster infiltration process.  Mounds M1 
and M2 were used to reveal the mound internal conduit structure while M3 
mound was used to study the nest and subterranean conduits.         
 
One day before encasing each mound in plaster, the nest was fumigated 
using Aluminium Phosphide (Phostoxin).  The fumigation process helped 
preserve the internal structure of the mounds, under normal operating 
conditions, by stopping the termites from modifying the internal structure in 
response to starting the filling process.  Plaster was selected to fill the mound 
interior because it is not an environmentally hazardous substance.  It is 
fabricated by dehydrating and crushing the naturally occurring gypsum, 
calcium sulphate dihydrate (CaSO4, 2 H2O), rocks.  Unlike cement, plaster is 
characterised by controllable and short setting time, and expansion close to 
zero which would help maintaining the internal structure of the mound during 
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and after the filling operation.  Modified RhinoSet® plaster that is produced by 
BPB South Africa was used to infiltrate the mound internal structure.  BPB 
South Africa modified RhinoSet® plaster by adding Retardan P® acid and 
0.5% Melmet F10® wetting agent to extend the setting time from about 10 min 
to about 75 min.  This was important to insure a sufficiently long time for the 
plaster slurry to be delivered to the fine details of the internal structure before 
the start of the setting process.  The longer setting time of the plaster slurry 
allowed the plaster slurry to be pushed to the fine structure by the force/weight 
of the plaster slurry at higher levels of the mound.    
 
As shown in Figure 4.1, three filling points, FP1, FP2, and FP3 were 
introduced in each mound.  The FP1 point was located at the ground level 
where it extended to the nest structure.  FP2 was placed about 1 m above the 
ground level whereas FP3 was located at the top of each mound.  Before the 
start of the filling process, each mound was coated with a 75 mm thick layer of 
plaster to prevent the mounds from bursting and preserve the structural 
integrity of the mound skin during filling.  The coating process extended for 
about one day for each mound.  In the following day, each mound was 
progressively filled with plaster for two days from bottom to top (Figure 4.1).  
Each mound was left for one day to fully set and cure before starting the 
process of revealing the internal structure.   
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Figure 4.1: Macrotermes michaelseni mound M1 coated in 75mm plaster showing the three 
plaster filling points. 
 
For mound M1 and M2, the reveal process took about three days.  Trowels 
and shovels were used to peal away the 75 mm layer of plaster (Figure 4.2).  
The revealed mound surface was sprayed with water and caustic soda 
mixture, at 0.5% by volume to water.  Caustic soda helped break-up the 
mound material bonding allowing for lower pressure water for washing the first 
few layers of the mound skin.  Using low pressure water helped avoid 
breaking the delicate structure of egress channel during the reveal process.  
The washing process was slow in the first day so that small amounts of 
caustic soda could be applied to the mound surface with approximately ten 
minutes to soak in.  The mound was washed away to a depth of 
approximately 5mm (Figure 4.4a) before the caustic soda was applied again 
using a low-pressure water lance.  Caustic soda was only used to reveal the 
egress channel structure (Figure 4.4b).  Slicing into the main mound structure 
FP3 
FP2
FP1
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was done with high-pressure water to reveal the remainder of the internal 
structure (Figure 4.4c).   
 
 
 
Figure 4.2: Mound M1 during the process of removing the 75mm plaster layer before starting 
the washing process. 
 
The subterranean structure of the M3 mound was revealed by using 
pressurised water (Figure 4.3) after digging a 2 x 1 m (width x depth) trench at 
a distance of 1m away from the mound base.   
 
 
 
 
Figure 4.3: Washing of the subterranean structure of mound M3 using high pressure water  
 
 78
 
 
Figure 4.4: a) showing the partly revealed structure after the end of the second washing 
stage, b) part of the mound during the third stage of mound reveal, and c) the filled internal 
mound structure after the end of the mound reveal process.  
 
The egress channels, lying just beneath the mound surface, represent the 
finest detail found in the revealed mounds.  As shown in Figure 4.4b, egress 
channels connect to the major surface conduits which run the entire height of 
the mound.  Figure 4.4c shows the complex and reticulated nature of the 
surface conduits of Macrotermes michaelseni mounds.  The lateral conduits 
and central chimney are not clearly shown in these mounds.  The images 
produced for the two revealed Macrotermes michaelseni mound have been 
used in studying the surface conduits and the egress channel structure 
whereas, the revealed subterranean structure of the third mound has been 
used in investigating the subterranean conduits as shown later on in this 
chapter.     
 
4.1.2 Mound Scanning and Reconstruction 
 
The above mound visualisation methods are prone to cause damage to the 
delicate mound skin and egress channels, and were not sufficient to study the 
internal structures above and below ground in detail.  A visualisation 
technique, that can digitise the captured structure and dimensions of the 
mound skin and internal conduits, is preferred for the work to be reported later 
in this thesis.  For the investigation of the external mound topology, mound 
a c 
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skin, and egress channels geometric data, and the internal mound and 
subterranean nest structures, the scanning methodology should meet the 
following criteria:  
• The captured data is to include the whole above ground mound and the 
subterranean nest structures.  A typical mature southern Africa 
Macrotermes michaelseni termite mound is on average 2.16m (Turner 
2000a) in height and ranges from 2.0 - 3.5 m in basal diameter 
(Schuurman and Dangerfield 1996).  The subterranean nest structure 
extends from 0.5 – 1.2 m below the ground surface as indicated by 
Schuurman and Dangerfield (1996).  
• The captured data resolution should be smaller than the diameter of an 
egress channel in the X, Y, and Z directions.  Turner (2000a) indicated that 
egress channels are approximately 2-3 mm in diameter.  In order for the 
scanning methodology to capture such a fine geometry, the layer thickness 
needs to be a maximum of 1 mm. 
• The scanning of the mound structure is to be conducted in-situ because it 
is not feasible to extract and transport the mound and the subterranean 
nest structure to a lab.   
• Withstand the environmental conditions of the sub-Saharan open savannah 
fields where the Macrotermes michaelseni mounds are built.  
• Ease of breakdown and preventive maintenance of the scanning mechanism 
by insuring the availability of replacement parts in Namibia.   
 
The following section highlights the selection and development process of the 
adopted scanning methodology in light of the above requirements. 
.           
Existing Scanning Methods 
 
Successful techniques for capturing geometric data and 3D digital models 
were pioneered in the fields of medical imaging and reverse engineering.  
Techniques such as Magnetic Resonance Imaging (MRI) and Computed 
Tomography Imaging (CT) can scan both external and internal detail.  The 
Visible Human Project® (Anon 2003) is an example of the efficiency of such a 
technique in capturing the fine details of the human body including the 
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smallest blood vessels (Figure 4.5).  Slice-and-scan techniques are used in 
reverse engineering to capture the 3D geometry of manufactured parts to 
modify the design or to test the efficiency of the manufacturing processes.  
The CGI (Capture Geometry Inside) (Crump 2006) machine is a good 
example for slice-and-scan machines used in reverse engineering. 
   
 The Visible Human Project®  
 
The Visible Human Project®, headed by the American National Library, 
obtained computer animated 3D geometries of two human cadavers. The two 
human cadavers (one male and one female) were scanned using MRI and CT 
scans  and then were frozen and sliced into 1,871 slices for the male cadaver 
and 5,189 slices for the female one (Anon 2003).  Longitudinal MR images 
were taken of the head and neck of the cadavers at 4mm intervals. CT scan 
images were taken for the full length of the male and female cadavers with a 
resolution of 1 mm.  These cadavers were sliced at regular intervals of 1mm 
for the male, and 0.33 mm for the female.  Digital slice images were taken of 
each slice and images from the project were compiled and built into 3D 
models as shown in Figure 4.5.  
 
 
 
Figure 4.5: part of a 3D model of a male cadaver produced from the anatomic images (Anon 
2003) 
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Slice-and-Scan 
 
Reverse engineering introduced the concept of slice-and-scan through which 
the geometry of fabricated products can be digitized and reconstructed into 
3D computer models.  The rapid manufacturing machine CGI (Capture 
Geometry Inside) is used to obtain 3D CAD files of the complex internal and 
external geometries utilizing the Slice-and-scan concept.  As described by 
Crump (2006), the CGI machine (Figure 4.6) performs the slice and scan 
process by embedding subject parts in a material that maintains the structural 
integrity of that part during the slice-and-scan operation.  The CGI machine 
slices away the embedded part into 0.0127 – 0.254 mm increments.  After the 
completion of each slice, the machine scans the sliced face forming a 2D 
image of each sliced surface.   
 
 
 
Figure 4.6: CGI machine while performing the Slice-and-Scan operation Crump (2006).  
 
The CGI machine scans parts that fit in a maximum envelope of 0.355 x 0.405 
x 0.38 m.  A mature termite mound would require a considerably larger 
envelope.  As the case with the MRI and CT scanning machines, CGI 
machines are designed to operate in controlled environmental conditions.  
Unfortunately, CT and MRI are not suitable for scanning the mound structure 
Scanning Module
slicing Module
Scanned Object
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in-situ in the arid and dusty environment of the sub-Saharan Africa.  These 
advanced scanning methodologies require a controlled environment and high 
specification spare parts that are not readily available near to the scanning 
site in Africa.  Moreover, there was no portable unit available at the time this 
research started that is capable of scanning a structure with the dimensions of 
the Macrotermes michaelseni termite mound.  Hence, MRI and CT scanning 
methods were ruled out   The CGI or the slice-and-scan option is more 
attractive than the MRI and CT scanning methodologies since that it is more 
feasible to customize, operate, and maintain.  Due to the size limitation of the 
CGI machine or any slice-and-scan machine, it is not possible to use any of 
the commercially available machines on the full mound geometry.  Sectioning 
the mound into smaller sections and transporting the sectioned parts to the 
lab for scanning is impractical as discussed earlier.  In effect, building a 
custom slice-and-scan machine that can scan the mound structure in-situ is 
more practical and feasible. 
 
Custom Slice-and-Scan Machine  
 
The mound material is prone to cracking and breaking as noted by Ruelle 
(1962) and Turner (2000a)  Therefore, the mound to be scanned needs to be 
protected by embedding it in a substance that will maintain its structural 
integrity during the slicing operation in a manner similar to that of the CGI 
machine.  The embedding substance should have a different colour from the 
mound material so that a contrast is generated between the mound material 
and the air conduits and channels, which would enhance the mound 
geometrical analysis. 
 
Two mounds, M4 (2.25m) and M5 (2.37m), were encased and filled with 
plaster in a manner similar to that mentioned above for the revealed M1-M3 
mounds.  The second mound M5 was prepared as a backup to be used for 
the slice-and-scan operation in case the first mound was damaged for any 
reason.   
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Custom Slice-and-Scan Machine Design  
   
The machine was designed with a slicing module, scanning module, 
mechanical structure and a controller, each of which was designed to meet 
the set scanning methodology criteria.  The slice-and-scan machine 
mechanical structure (Figure 4.7) was jointly designed by J. Webster of 
Loughborough University and Helmx Ltd, Birmingham, UK.  The total height of 
the mechanical structure is 5.35 m and the vertical working range of the 
slicing module is 3.90m to accommodate for the entire height of the mound, 
subterranean structure (about 1 m), and extra depth designed near the 
machine foundations.  It was desired to attach a canopy structure on top of 
the mechanical structure to minimise the irregularity in the lighting of the 
scanned surface.  However, this option was abandoned due to the wind 
loading on the canopy at a height of 8.35m (including 3 m to accommodate 
the scanning module) that would have generated strain on the mechanical 
structure and its foundations. 
 
Figure 4.7: CAD drawing for the front (a) and side (b) views for the slice-and-scan machine 
showing the machine dimensions, working range/height of 3.9 m, slicing module, and the 
gantry carrying the slicing module. 
 
5.35 m 
250mm 
5 mm 4 m 
Main Vertical 
Beams 
 Floor Beam 
Cutter Module
3.90 m 
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The Slicing Module was jointly designed by the author and J. Webster, and 
then built by Helmx Ltd, Birmingham, UK.  It was mounted on a gantry (Figure 
4.8) that allowed its movement in X-Y plane.  The X-Y movement was 
actuated using two 0.37 kW AC motors and chain drives.  The Z-direction 
movement of gantry system was actuated by a 2.2 kW AC motor and chain 
drives.  Using AC motors and chain drives insured that the slicing module is 
affordable and likely to suffer minimal breakdown when operated in a hostile 
environment.     
  
 
Figure 4.8: Slicing Module (in Red) partly showing the X-Y gantry system  
 
The design of the slicing module was based on the lab experiment reported in 
(Abou-Houly 2005).  A number of slicing, cutting, and grinding technologies 
were assessed to determine the slicing methodology suitable for the design of 
the slicing module (Figure 4.9a).  It was decided that the fly-cutter/milling 
machine design is best suited for a good surface finish, cutting resolution as 
small as 1mm in the z-direction, and ease of breakdown maintenance.  A 
mound sample was embedded in a plaster block and then sliced by a fly-
cutter (Figure 4.9d) to examine the resulting surface finish.  The fly-cutter 
rotational and feed speeds were varied until a smooth surface finish was 
obtained.  Based on this experiment, the design of the slicing module was 
made to be similar to that of a fly cutter.  The slicing disc (Figure 4.9b) was 
designed to be 650mm in diameter so that it can cover the largest area of 
2.5m, at the mound base, in four stages as shown in Figure 4.10 allowing for 
25mm overlap between stages.  The disc was made of aluminium alloy which 
made it weigh about 23kgs instead of 65kgs if it was made of steel.  Instead of 
only one tooth like in the case of the fly cutter the slicing module had 20 
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tungsten carbide slicing bits (Figure 4.9c).  Tungsten carbide slicing bits were 
selected to withstand the high resistance generated by the mound material 
which was highlighted in a conversation with Turner (2005b).  This 
configuration helped speeding up the slicing operation while maintaining a 
good surface finish at lower slicing speeds and safe operation (less dust and 
flying cut bits) which was highlighted in Abou-Houly (2005).  Another 
advantage of this design is that the slicing bits will wear less because the load 
would be distributed among the slicing bits.  The slicing module was actuated 
by a 1.5 KW AC motor to help maintain a high torque at lower slicing speeds.     
 
 
 
Figure 4.9: a) The assembled slicing module head including the aluminium alloy disc (b) and 
the tungsten carbide slicing teeth (c) attached to the disc. (d) Shows a typical fly-cutter on 
which the slicing module head design was based upon.   
 
 
The scanning module was then designed by the author to capture a high 
resolution image of the cut mound surface.  The maximum mound surface 
area to be scanned is 2.5 x 2.5 m at the mound base.  A 1mm/pixel resolution 
for this area requires a minimum of a 6.25MP (megapixel) scanning module.  
The Olympus E300 8MP digital SLR camera was selected for the scanning 
module rather than a flat bed scanner design.  It generated a resolution of 
0.92 mm/pixel.  Flat bed scanners provide enhanced resolutions up to 400MP, 
da
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however, they require a controlled environment and are expensive to 
maintain.  The digital SLR camera captures the image of the sliced surface in 
a matter of seconds.  However, a flat bed scanner of 650mm in length using a 
path similar to that shown in Figure 4.10 to capture the sliced surface image, 
would require 3.5 minutes on average when scanning at 5m/s.  To protect the 
camera from dust generated during the slicing operation an aluminium box 
was designed by J. Webster to encase the SLR camera as shown in Figure 
4.12a.  The camera and box assembly along with two 2KW halogen lights 
(Figure 4.12b), which were needed for night time scanning, were fitted 3m 
above the sliced surface on steel bracket as shown in Figure 4.12c.  This 
distance was required to capture the total area of the sliced surface with the 
least distortion using a focal length of 17mm for the Olympus ED14-54 lens.  
 
 
 
Figure 4.10: the slicing disc path while slicing the mound at the base level.  
 
An electric control box (Figure 4.11) was designed by the author (Appendix 
A.1) to operate the machine either manually by using the dials and switches 
on the control box front panel (Figure 4.11a) or automatically using a SMC 
PLC (programmable logic controller) (Figure 4.11b).  The author sourced the 
control box components apart from the three AC motor drives (Figure 4.11b) 
relay switches,  and the control box enclosure (Figure 4.11a) including the 
650mm slicing disc 
2.5 m diameter 
mound surface at 
ground level 
Slicing module 
path 
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dials and switches which was sourced by Helmx Ltd.  Helmx Ltd. Also 
assembled the control box components and modified the author’s design to 
allow manual and automatic control of the machine by adding the relay 
switches which allowed control signals to be switched between the PLC 
output and the manual switches output on the control box (Figure 4.11a).  
Three PLC programs were designed for the operation of the machine. The 
first program was designed to operate the slicing module where the mound 
diameter was less than or equal to the slicing disc diameter.  The PLC was 
switched to the second program where the mound diameter was up to 2x the 
slicing disc diameter.  The third PLC (Appendix A.2) program was used for the 
remainder of the mound to follow the path shown in Figure 4.10.  The X-Y 
movement was fed back to the PLC using limit switches that were mounted on 
the X-Y gantry.  The speed and loading of the three AC motors actuating the 
slicing module were monitored by three AC motor drives. 
 
 
 
Figure 4.11: The Electric Control box designed for the automatic and manual control of the 
machine operation.  a) Control box cover including the manual control panel and b) the box 
interior showing the electronic circuitry including the 3 AC motor drives and the SMC PLC 
controller 
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Figure 4.12: a) Aluminium box containing the 8MP digital SLR camera that was used as the 
scanning module, and b) 2KW halogen light that was used to illuminate the sliced surface 
during night time scanning. c) The custom Slice-and-scan machine assembly showing the 
mechanical structure, slicing module, and scanning module. 
 
Mound Scanning Methodology 
 
The slice-and-scan machine operation for the mound and subterranean 
structures was completed in five weeks.  The machine operating sequence 
2KW Halogen Light 
Mound embedded 
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Slicing Module 
Camera Box a b 
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shown in Figure 4.13a-f was repeated for each image.  The uppermost of the 
mound top 1m was sliced at 1mm increments with the reminder of the mound 
sliced at 2mm increments to capture the structure of egress channels.  There 
were two main reasons for switching from 1mm to 2mm increments.  The two 
revealed M1 and M2 mounds showed that egress channels appeared more 
frequently in the mound spire than the rest of the mound.  The switch also 
helped speed up the slice-and-scan operation which helped finish the process 
according to the set deadline. 
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Figure 4.13: The six stages of the slice and scan machine operation which resulted in a 
complete data set of the mound in terms of 2D image. a) Manual descent of 1/2mm, b) Slice 
away a 1/2mm layer from the mound, c) Blow away dust off the cut surface using compressed 
air, d) Spray water on the cut surface to improve clarity and contrast between the mound 
material and plaster of the cut surface, e) Capture the image of the cut surface, and f) Save 
the captured image in the slice-and-scan image data base 
 
The slice-and-scan images were organized in scanning day folders where all 
the images that were captured in the same day are saved in the same folder.  
Each image, as the one shown in Figure 4.14, was saved in TIFF format 
which ensured that the saved image was kept at the original resolution without 
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compression.   As a result, each image was about 24MB and the day folder 
was about 1.5GB in average.  A complete set of 1920 images (727 @ 1mm 
and 1193 @ 2mm) was produced having the following features: 
• Resolution of 0.92 mm/pixels (X and Y directions), and 1 or 2 mm (Z 
direction or height) which allowed for capturing the egress channels in 
3D. 
• The nest and subterranean conduit structure is included in the data set. 
• Contrast between the conduits (filled with plaster) and mound material 
(brown). 
 
Figure 4.14: A sample TIFF images from the mound image data set produced by the custom 
built slice-and-scan machine 
 
The generated Macrotermes michaelseni mound slice-and-scan images are 
the most accurate and comprehensive set of geometrical data of any 
Macrotermitinae species to date.  They are suitable for reconstructing a 
computer 3D model of Macrotermes michaelseni mound for detailed study of 
the internal mound conduits, their interconnectivity, and also to resolve the 
mound skin and egress channels. 
 
Reconstruction of the 3D Mound Model 
 
The 3D mound model was reconstructed using two software programs 
MIMICS 9.01 and MAGICS X using a workstation of a Xeon 1.66 MHz 
processor and 3GB RAM.  MIMICS stands for Materialise Interactive Medical 
Image Control System which is developed by the Belgian company 
Materialise (Materialise 2006).  It is an interactive tool for the visualization and 
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segmentation of CT images as well as MRI images and 3D rendering of 
objects.  MAGICS is a 3D manipulation tool that is developed by Materialise.  
Before importing the day folders to MIMICS 9.01, duplicate and erroneous 
images were deleted.  Due to the size of each day folder, average of 1.5GB, 
day folder image sets were assembled separately in MIMICS 9.01.  However, 
the size of each assembled day folder had a maximum size of 1GB because 
each image was cropped to discard the areas surrounding the mound surface.  
This had applied to all the scanning day folders apart from the last 5 day 
folders for the mound base and the day folders representing the nest.  These 
day folders were assembled in separate sections to make sure that they did 
not exceed 1 GB for the assembly process to be managed by the workstation.  
A mask was applied to each image to specify the areas to be extruded into 3D 
as shown in Figure 4.15.  Scanning could not be performed in a constantly 
illuminated environment (due to shadows from the machine as the sun passed 
overhead), so the major challenge in assembling the 3D model in MIMICS 
9.01 was to compensate for different lighting levels in most of the images.  
This dictated the use of different threshold values for the applied mask (Figure 
4.15) using the threshold editing tool in MIMICS.  For example, some images 
had shadow lines across which resulted in areas darker than the rest of the 
image as shown in Figure 4.15.  A single threshold value would include either 
the brighter or darker areas in one mask.  The threshold editing tool allowed 
the addition of the non-selected areas to the applied mask.  After completing 
the editing process for the affected images, the image stack is converted into 
a 3D model for the corresponding mound section as shown in Figure 4.16.   
 
The generated mound sections were converted into an STL 
(Stereolithography CAD) format to be exported to MAGICS.  A triangle 
reduction algorithm (Figure 4.17) was applied in MAGICS to reduce the file 
size of the assembled STL mound sections (Figure 4.16) to about 50 MB each 
which made it possible to be managed by the workstation.  The reduction 
algorithm has also resulted in reducing the resolution of the day sections to 
about 4mm.  In effect, egress channels were not included in the reconstructed 
3D mound model.  The reduced mound day sections were aligned and 
concatenated to form the full 3D mound model (Figure 4.18).  The 
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subterranean structure and Nest was not included in the concatenated mound 
model.      
 
 
 
Figure 4.15:A snap shot from MIMICS 9.01 showing a mask being edited to include areas 
with different thresholds in the same mask due to the presence of a shadow. 
 
Figure 4.16: A 3D model of a mound section generated in MIMICS9.01 from the 
corresponding scanning day images. 
 
 
 
Figure 4.17: Triangle reduction algorithm applied to an STL file. (MAGICS 2006). 
Shadow 
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Figure 4.18: A ghosted 3D model of the Macrotermes michaelseni mound that was 
concatenated and assembled in MAGICS RP 9.9from the mound section created in MIMICS 
9.01. 
 
4.2 Mound External Topology 
 
To facilitate the analysis of the mound structure, the reconstructed 3D mound 
model was divided into three sections Top1000, Mid500, and Bot500 (Figure 
4.19).  Top1000 corresponds to the mound spire with a height of 1.1m.  
According to Schuurman and Dangerfield (1996) who studied the southern 
African Macrotermes michaelseni mounds, the spire height ranges from 1 – 2 
m.  Mid500 and Bot500 mound sections correspond to the mound conical 
base which is 2m high.  For a typical southern African Macrotermes 
michaelseni mound, the conical base ranges from 0.41 – 2 m (Schuurman 
and Dangerfield 1996).  The division of the mound into the above three 
arbitrary sections was based on the change in the external mound diameter.  
As can be seen from there are three major transition areas in the diameter of 
the reconstructed mound model.  These three transitions resulted in the 
mound taking a shape similar to that of three concatenated conical frustums 
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as highlighted by black dotted line in Figure 4.19.  Top and bottom diameters 
for each of these sections were measured along with the respective heights 
so that each section represents a conical frustum.  The dimensions of these 
conical frustums were recorded in Table 4-1 and were also used to devise the 
external structure of the simplified model in chapter 6.  
 
Figure 4.19: Vertical section through the middle of the constructed 3D model of Macrotermes 
michaelseni mound showing the external topology resembling that of three concatenated 
conical frustums named Top1000, Mid500, and Bot500 mound sections. 
 
Table 4-1: Dimensions of the three conical frustums representing the three mound sections 
Top1000, Mid500 and Bot500 mound sections. 
 
 Top1000 Mid500 Bot500  
Height (m) 1.10 0.50 0.50 
Conical Frustums Top Diameter (m) 0.21 0.67 1.26 
Bottom Diameter (m) 0.67 1.26 2.25 
 
 
Top1000 
Mid500 
Bot500 
Outwash Pediment level 
Spire 
Conical Base 
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According to Table 4-1, the total height of the mound is 2.1 m instead of its 
actual height of 2.25m.  The extra 150mm belong to the outwash pediment 
where no air flow into the mound is expected.  The increase in the diameter of 
the outwash pediment is attributed to the accumulation of eroded mound 
material.  
 
4.3 Mound conduit and Nest Structures 
 
The internal mound conduit system was studied with the aim of locating the 
surface conduits, central chimney, and the lateral connectives which were 
described by Turner (2000a) for the Macrotermes michaelseni mounds.  
Moreover, the investigation attempted to determine how efficient the mound 
structure would be in ventilating the colony nest.  The reconstructed 3D model 
of mound M4 and the revealed above ground structure of mounds M1 and M2 
were used as tools for this study.  The interconnectivity within the different 
surface conduits and between surface conduits and the central chimney and 
other conduits was also analysed.  With a view to flow prediction, the study 
also aimed at identifying possible flow paths and elements generating 
resistance to flow.  The revealed subterranean conduit and nest structures of 
the mound M3 were used to study how the subterranean conduits connect the 
nest structure and to the surface conduits.  The slice-and-scan images of the 
nest of mound M4 and vertical sections through the nest of another mound 
were used to investigate how the nest’s void spaces are connected and how 
they connect to the central chimney. 
 
4.3.1 Structure of Mound Conduits 
 
Surface conduits 
 
The revealed mound M2 was used to identify and trace the surface conduits.  
Its mean diameter was measured of the reconstructed 3D model of mound M4 
by generating evenly distributed 23 slices across its height.  The 23 slices, as 
the one shown in Figure 4.20, were exported from MAGICS to the Rhinoceros 
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3.0 CAD program which was used to measure the surface conduits diameter 
using the diameter measurement tool.  This tool provided an accurate 
measuring tool for non-circular cross sections.  The diameter of the entire 
surface conduit population in each exported image was measured and 
recorded in Appendix A.3 
 
Figure 4.20: Horizontal slice through the reconstructed 3D mound model (700mm above the 
model base) in the Mid500 mound section showing surface conduits highlighted in green 
showing the near-circular cross section of surface conduits. 
 
Surface conduits are not exactly circular in cross-section but the departure 
from circular is not that great as shown in Figure 4.20.  Surface conduits were 
distinguished on M2 in Figure 4.21 and ran directly under the mound skin 
throughout the mound height inline with indications in Turner (2000a).  They 
tend to follow the contours of the mound external surface branching laterally 
as they descend towards ground level forming a grid of surface conduits and 
lateral branches.  The presence of lateral branching between the vertically-
oriented surface conduits suggests that air flows laterally, between the surface 
conduits as predicted by Turner (2001) tracer gas experiments on 
Macrotermes michaelseni mounds.  However, the presence of lateral 
branching was not indicated in past studies of the Macrotermitinae mound 
structure.  The lateral branching would promote movement of fresh air 
between the opposite mound sides through the network of surface conduits 
without passing through the mound core.  This would also promote mixing of 
stale air on one side of the mound with fresh air that might be present in the 
 98
opposite or lateral sides of the mound.  Some of the branched surface 
conduits tend to converge as they approach ground level as shown in Figure 
4.21 and have a mean diameter 67.76mm (standard deviation and median of 
15.97 & 70.27 mm respectively).     
   
 
 
Figure 4.21: Revealed internal structure of mound M2 showing the surface conduits, 
branching of surface conduits, the mesh like structure formed by vertical surface conduits and 
its lateral branching, and their convergence at ground level traced in black and highlighted in 
red. 
    
Central Chimney 
 
The underlying chimney structure of the revealed mounds is hidden beneath a 
network of surface conduits and lateral connectives.  It was necessary to find 
a different technique to identify the central chimney within Macrotermes 
Lateral 
branches 
Surface conduit 
mesh 
branching 
Convergence 
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michaelseni mounds.  Inspecting the central chimney structure was possible 
using two vertical sections and a horizontal section (Figure 4.22a-c) through 
the reconstructed 3D model of M4.  A vertical section through the negative 
(mound void 3D model) of M4 3D model (Figure 4.23) was also used.  The 
central chimney diameter was measured at sections without lateral 
connectives to insure a regular chimney cross section.    
 
The two vertical and one horizontal section in Figure 4.22a-c show the 
presence of a central void in the centre of the mound.  The central chimney 
structure starts at the top of the nest structure and extends upwards to the 
height where the spire section starts.  It remains as a single channel 
throughout the Bot500 mound section.  The central chimney diffuses into 
three main central channels towards the end of the Mid500 section (Figure 
4.23).  There is no central chimney structure at the Top1000 mound section.  
Instead, the central chimney joins and diffuses into two main surface conduits 
as shown in Figure 4.23.  The central chimney is about 1.1m in height and 
near-circular in cross section (Figure 4.24) in areas where no lateral 
connections.  At areas where lateral connectives join the central chimney the 
near-circular cross section is distorted as shown in Figure 4.22c.  The central 
chimney diameter at the Mid500 and Bot500 mound sections was recorded in 
Table 4-2.  For each of the Mid500 and Bot500 mound sections the diameter 
of the central chimney was measured at different heights where no lateral 
connectives or vertical conduits were intersecting with the central chimney.   
The mean value in the Bot500 is 179.2mm and it decreases with height to 
reach a mean diameter of 102.8mm at the Mid500 section.  A number of 
vertical conduits, parallel to the surface conduits, on the LHS of the central 
chimney in Figure 4.23 are connected to the nest (bottom) and to the central 
chimney in the Mid500 mound section.  According to Turner’s (2000a) 
morphogenesis model, these conduits were surface conduits at a younger age 
of the mound.  As the mound increases in size it is likely that these channels 
would merge with the central chimney.  The air space in the nest is connected 
to that in the surface conduits in the Mid500 and Top1000 mound sections via 
the central chimney.   
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Figure 4.22: (a-c): Three sections (two vertical + one horizontal) through the reconstructed 
mound 3D model intersecting in the central chimney section showing the chimney (Olive), 
lateral connectives (Grey), and surface conduits (Green). 
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Figure 4.23: a vertical sections through the negative of the reconstructed 3D mound (void 3D 
model) showing the central chimney (olive) and surface conduits (green).  
 
Table 4-2:  The central chimney diameter at different heights (bottom to top) in each of the 
Mid500 and Bot500 mound sections  
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Mid500 Bot500
139.83 162.10
155.42 139.81
68.67 188.92
121.53 226.14
62.18 - 
69.41 - 
 
 
Lateral Connectives  
 
The reconstructed 3D model of mound M4 was used to study the lateral 
connectives, which are hidden beneath the surface conduits and can not be 
clearly identified in either of M1 and M2 mounds.  A number of horizontal 
sections were created in order to best trace and identify lateral connectives 
Top1000 
Mid500 
Bot500 
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between chimney and surface conduits and/or other vertical conduits 
positioned between the surface conduits and central chimney.  The diameter 
of the lateral connectives was measured on vertical sections (similar to Figure 
4.22b).  As shown in 4.22b, the lateral connectives are near-circular in cross 
section    
 
In the Bot500 mound section there is minimal direct connections from the 
chimney to the surface conduits and visa versa.  Lateral connectives run 
between the central chimney and vertical conduits (Figure 4.24) that are 
parallel to the surface conduits but closer to the central chimney.  Lateral 
connections from the chimney to both surface conduits and vertical conduits 
are present at different heights through the Mid500 mound section (Figure 
4.25).  It is also shown in Figure 4.25 that the central chimney started to 
diverge outwards into three chimneys in the Mid500 mound section, which 
were located closer to the surface conduits.  Lateral connections were found 
to join surface conduits at opposing mound sides near the termination 
between the Mid500 and Top1000 mound sections.  In this region, no 
chimney structure is present as shown in Figure 4.26 where a straight line can 
be drawn between the surface conduits at the two opposite mound sides.  The 
lateral connectives diameter at the Mid500 and Bot500 mound sections was 
recorded in Table 4-3.  For each of the Mid500 and Bot500 mound sections 
the diameter for each of the lateral connectives was measured using vertical 
sections (like Figure 4.22a & b) at different heights where no intersection with 
the central chimney, vertical conduits, or surface conduits.  The mean 
diameters of the lateral connectives are 46.2mm (standard deviation of 
12.69mm) and 54.1mm (standard deviation of 13.96mm) in the Mid500 and 
Bot500 mound sections respectively.    
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Figure 4.24: Horizontal slice through the reconstructed 3D mound model (140mm above the 
model base) in the Bot500 mound section showing Lateral connectives highlighted blue 
connecting the central chimney highlighted in Olive to vertical conduits and not the surface 
conduits (Green). 
 
 
 
 
Figure 4.25: Horizontal slice through the reconstructed 3D mound model (720mm above the 
model base) at the Bot500 mound section showing lateral connectives highlighted (blue) 
connecting the central chimney (olive) to the surface conduits (Green). 
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Figure 4.26: a) Horizontal slice through the reconstructed 3D mound model (1300mm above 
the model base) at the Top1000 mound section showing lateral connectives between surface 
conduits in opposite mound sides highlighted by A-A’ line. 
 
Table 4-3: The lateral connectives diameters at different heights (mound bottom to top) in 
each of the Mid500 and Bot500 mound sections. 
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Mid500 Bot500
45.92 33 
40.90 36 
46.21 70.62 
57.34 54.94 
36.92 60.32 
38.38 78.76 
78.24 48.14 
32.46 63.35 
36.83 42.27 
49 54.22 
 
4.3.2 Subterranean nest and conduit structure 
    
Nest structure 
 
The nest structure was investigated by examining the slice-and-scan images 
and a vertical section through an excavated Macrotermes michaelseni nest 
structure.  Dimensional analysis of the nest structure was carried out on the 
revealed subterranean structure of mound M3. 
  
A’ 
A 
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Macrotermes michaelseni nests take the shape of an ellipsoid (Figure 4.27) in 
which the royal chamber is usually centred in the bottom half of the ellipsoid.  
The revealed nest of mound M3 was measured to be 1 x 1.54 x 1.62 m 
(height x width 1 x width 2).  Figure 4.27 show that the chimney evolves within 
the nest structure.  The upper part of the nest is separated from peripheral 
subterranean conduits (subterranean extension of surface conduits) by 0.89m 
of dense soil as indicated by the void behind these conduits as shown in 
Figure 4.30.  The farmed fungus is located within fungus combs that are made 
of solid thin packed soil.  These combs are arranged in 17 layers forming 
lamellar structures.  Each fungus comb is connected to the neighbouring 
conduits and/or combs at different directions through connecting channels of 
9.18 mm mean diameter (standard deviation of 2.20mm).   
       
 
Figure 4.27: Image taken for a vertical section through a Macrotermes michaelseni nest in 
Namibia showing the subterranean section of a nest, fungus combs, and the connecting 
channels (image reproduced with permission from J. S. Turner) 
 
The slice-and-scan data for nest structure show that the royal chamber is 
shaped like an ellipsoid and is connected to other air spaces within the nest 
by air channels (Figure 4.28a) from the top and bottom faces.  The royal 
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chamber is surrounded by a 7.03 mm thick void space (Figure 4.28b) that is 
connected to the air space within the royal chamber and the surrounding nest 
by means of the channels shown in Figure 4.28a.   
 
 
Figure 4.28 (a-b): A close up of two images from the slice-and-scan data of the nest of M4. (a) 
A section just above the royal chamber highlighted by a dashed red line showing the small air 
channels (white) connecting royal chamber to the air space in the nest. (b) A section through 
the middle of the royal chamber showing the air space within the royal chamber (white)  
 
The above analysis proves that the air space in the fungus combs, nurseries, 
royal chambers, chimney, and surface conduits is connected which can insure 
efficient air supply and metabolic waste gas removal. 
 
Peripheral subterranean conduits 
 
The revealed subterranean structure of mound M3 and the slice-and-scan 
images of mound M4 were used to analyse the Macrotermes michaelseni nest 
and subterranean structure.  Peripheral subterranean conduit diameters were 
measured in the field of the revealed subterranean structure of mound M3 and 
not the slice-and-scan images that did not capture these conduits.       
 
Peripheral subterranean conduits are extension of the surface conduits below 
the ground level as shown in Figure 4.29 and Figure 4.30.  Near ground level 
21 surface conduits (in Mound M4) tend to converge and branch again 
forming peripheral subterranean conduits.  These conduits run towards the 
periphery of the nest as shown in Figure 4.30 separated by cavity with a mean 
diameter of 62.17mm (Table 4-4).  This cavity was filled with soil before the 
water washing process.  The peripheral subterranean conduits follow the nest 
a b 
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contours before turning and branching towards the nest (Figure 4.30) where 
they interface directly with peripheral fungus galleries.  They interface with the 
peripheral nest architecture at 38 points at differing heights from 
approximately midway down the nest to the lower and basement levels of the 
nest which agrees with the findings in (Darlington 1985; Schuurman and 
Dangerfield 1996).   
 
 
 
Figure 4.29: Part of the subterranean revealed structure of the plaster filled mound M3 
showing the distinction between surface conduits and peripheral subterranean conduits. 
 
Table 4-4: Diameter of the peripheral subterranean conduits measured of mound M3. 
 
Peripheral Subterranean 
conduits  
Diameter (mm)
90.0 
38.0 
45.0 
60.0 
52.0 
100.0 
40.0 
 
 
Surface 
conduits 
Peripheral Subterranean 
Conduits
Ground Level
 108
 
 
 
Figure 4.30: Part of the washed subterranean structure of a plaster filled mound M3. 
 
4.4 Mound Skin and Egress Channels  
The revealed internal structure of mound M1 was used to study the 
arrangement and distribution of egress channels.  The slice-and-scan images 
of mound M4 were used to obtain geometric data of the mound skin and 
egress channels.  A lab experiment was conducted to measure the 
permeability of the mound skin, which was then compared to the permeability 
figure produced from a field experiment by Soar (2006). 
  
4.4.1 Structure and Dimensions of Skin and Egress Channels  
 
Egress channels emerged first while revealing the internal structure of two 
plaster infiltrated mounds.  After removing the 75mm plaster crust and using 
low pressure water to carefully remove the first few layers of the mound skin, 
egress channels surfaced perpendicularly (Figure 4.31a) to the mound skin 
with a predominantly circular cross section.  A smaller number of egress 
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channels appeared inclined at an angle to the mound skin as shown in Figure 
4.31b.  
 
 
Figure 4.31: The outermost egress channel structure emergence during the initial stages of 
mound M1 wash. a) Egress channels emerging perpendicularly with circular cross section, 
and b) egress channels emerging inclined 
 
Towards the last stages of the mound skin removal, the complete structure of 
the egress channels underlying the mound skin was exposed.   Across the 
height of the mound, egress channels stem from surface conduits that extend 
parallel to the mound skin along the entire height of the mound.  A number of 
egress channels are branched towards the skin external surface while few of 
them remain as single branches from the surface conduits as shown in Figure 
4.32.   
 
 
 
Figure 4.32: The egress channels structure of a revealed mound. a) late stages of mound skin 
removal, and b) a close up on the revealed spire section. 
 
b a 
a
b
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The small resolution of 1mm (mound spire) and 2mm (the rest of the mound) 
helped capture the structure of egress channels across the mound height 
which provided a tool to measure the egress channel dimensions.  The 
structure of each egress channel was traced in a number of adjacent slice-
and-scan images as shown in Figure 4.33a-d to determine the start of the 
measured egress channels from the surface conduit to the end point where 
the egress channel is closest towards the external surface.  The egress 
channel was traced in each image (a-d) where the diameter was measured in 
each image and the mean value d of the measured diameters was calculated.  
In Figure 4.33e the depth of egress channel de represents the shortest 
distance from the mound external surface to the end of the egress channel.  
The skin thickness ts represents the distance between the start point of the 
egress channel from the surface conduit and the external skin surface.   
 
The mound skin thickness ts, the egress channel diameter d, and the depth of 
egress channel from the external surface de were obtained by analysing the 
Slice-and-Scan images.  Since the egress channels occur more frequently in 
the Top1000/spire section, images containing thirty egress channel from the 
Top1000 and fifteen egress channels from each of the Mid500 and Bot500 
mound sections, were analysed to obtain the mound skin dimensions 
recorded in Appendix A.3 
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Figure 4.33: a-d) Four consecutive images from slice and scan data set showing the egress 
channel stemming from a surface conduits and stopping short of the mound external surface.  
e-f) A close up on (d) showing how ts, de, and d were measured. 
 
The mean values, standard deviation, minimum, and maximum of the data 
recorded in Tables A.2 and A.3 for skin thickness ts, egress channel diameter 
f 
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d, and egress channel depth de, for each of the three mound sections are 
recorded in Table 4-5.   
 
Table 4-5: The mean Standard deviation, minimum, maximum, and the grand mean values of 
for ts, d, and de for the three mound sections. All dimensions are in mm. 
 
    Top1000 Mid500 Bot500 Grand mean
ts 
Mean 52.94 30.18 34.17 39.15 
Standard 
Deviation 15.11 10.71 13.01  
Minimum 29.61 9.87 16.67  
Maximum 82.91 39.48 58.23  
         
D 
Mean 4.26 4.12 4.07 4.15 
Standard 
Deviation 0.47 0.69 0.76  
Minimum 3.45 3 2.96  
Maximum 4.83 4.75 4.80  
      
de 
Mean 5.53 16.43 18.67 13.54 
Standard 
Deviation 3.88 10.35 10.72  
Minimum 1.64 1.9 3.35  
Maximum 17.77 31.8 37.51  
 
 
The highest mean ts value of 52.94mm is located in the Top1000 mound 
section whereas the ts values in the other two sections are significantly 
smaller.  Egress channel diameter d is fairly constant throughout and shows 
little variability.  This diameter comfortably allows movement to two rows of 
worker termites (about 2mm in diameter each) in opposite directions, within 
egress channels, which would be necessary for effective repair and building 
processes.  The minimum egress channel depth is found in the Top1000 
mound section, whereas the depth is similar in other two mound sections.  
The higher frequency of egress channels incidence and the unique design of 
egress channels at the Top1000, largest ts and smallest de, could be to resist 
the erosion caused by the rain and wind while maintaining enough air intake 
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by the mound.  Egress channels were highlighted as access points of either 
worker termites and alates (Darlington 1985; Turner 2000a) to the mound 
external surface.  However, it is hypothesised here that the structure of egress 
channels is responsible for the control of ventilation to the mound interior.  
This was inferred by Loos (1964) that during rainy conditions egress channels 
are opened to the external surface to compensate for the impermeable wet 
mound material.  The remainder of this work studies the effect of these egress 
channels on bulk flow of air through the mound skin during dry and wet 
conditions.   
 
The average number density of egress channels was determined from 
calculating the ratio of the total number of visible egress channels at the spire 
section to the total area visible of mound skin in Figure 4.34a.  Figure 4.34b 
shows the location of Figure 4.34a on mound M1.  Figure 4.34a is the only 
image taken for the mound at the early stages of mounds M1 and M2 reveal 
process that can be used to calculate the number density of egress channels.  
The reconstructed 3D model for mound M4 resolution was not sufficient to 
capture the majority of the egress channels.  The resulting value represents 
the average area of the mound skin surrounding each egress channel.  The 
number density calculated in this image was 1925 m-2. 
 
 
 
Figure 4.34: a) Image taken for spire section of mound M1 skin showing the emergence of 
egress channels structure during the initial stages of revealing its plaster filled internal 
structure. b) Shows the location of a) on mound M1. 
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4.4.2 Mound skin permeability and Porosity 
 
Four mound skin samples were drilled out of the spire of a Macrotermes 
michaelseni mound from Namibia, and brought to Loughborough University 
for permeability and porosity measurement.  The drilled mound was similar in 
size to mound M4 and it was located in the same.  Care was taken to drill the 
samples from areas where no egress channels and at low speeds to avoid 
cracking which may affect the accuracy of the permeability and porosity 
results.   
 
Two of the four samples, Sample 1 and Sample 2 (Figure 4.35), were used to 
conduct the permeability experiment.  Each of the samples was placed in a 
furnace at a temperature of 30 °C for a week to make sure that bound water 
was evaporated.  The circumference of the samples was then encased in 
silicone, as shown in Figure 4.35, in order to maintain the structural integrity of 
the sample while mounting and dismounting each sample into and out of the 
custom built permeability apparatus (Figure 4.36).  
 
 
 
Figure 4.35: a-b) One of the two samples drilled from the mound skin and encased in silicone 
ready for testing in the permeability apparatus 
 
a b 
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Figure 4.36: Custom-built permeability apparatus including the pressure tappings for pressure 
measurement, flange assembly and the hot film anemometer (HFA) Velaport 20 that was 
used to measure the velocity. 
 
 
 
Figure 4.37: A schematic of the custom-built permeability apparatus in Figure 4.36 showing 
the flow direction, pressure and velocity measurement points and the flange assembly where 
each of the samples were placed. 
 
The permeability experiment was conducted in Loughborough University 
Fluids Lab.  As shown in Figure 4.37, the apparatus consisted of two pipes 
containing a flange assembly where each of the two samples was placed.  
The supply pressure was controlled using a manual pressure-control valve.  
The radial edges of the two samples (encased in silicone) were wrapped in 
thread seal tape (PTFE tape) and tightly fitted in the flange assembly.  The 
thread seal tape provided a seal to prevent air from seeping around the edges 
of the sample.  Pressure taps were drilled on the pipe in distances of 30mm 
Pressure Tappings 
Hot Film Anemometer  
Velaport 20 
Flange Assembly 
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upstream and downstream of the flange assembly to be measurement points 
for the pressure difference.  An air tightness test was performed on the 
apparatus by pressurizing the flange assembly to 100 KPa while exposing the 
joints and the measuring ports to soap solution.  The FCO16 digital 
manometer was used to measure the pressure difference across each 
sample.  The velocity was measured using the Hot Film Anemometer (HFA) 
Velaport 20.  Two HFA probes were used with the Velaport 20: 0-0.2 m/s and 
0-2 m/s probes.  The velocity was measured at distance of 350mm 
downstream of samples.   
 
The pressure difference ΔP and superficial velocity v across each sample 
were measured to calculate the mound skin permeability K using Equation 
(4.1).  The pressure difference across each sample and the downstream 
velocity magnitude were recorded in Table 4-6.  The test applied pressure 
differences ranging from 150 to 1200 Pa in increments of 50 Pa across the 
sample and the corresponding downstream velocities, 0.07-0.41 m/s for 
Sample 1 and 0.10-0.62 m/s for Sample 2, were recorded for each sample.  It 
was not possible to reduce the pressure difference to values similar to the 
field pressures because the minimum pressure that was possible to achieve 
using the available pressure control valve in the Fluids Lab was 150 Pa.  
However, the trend line (Figure 4.38) can be extended in a straight line to the 
pressure and velocity 0 points        
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Table 4-6: Pressure drop ΔP across samples 1 and 2, and the corresponding downstream 
velocity magnitude v and permeability K.     
 
Sample 1 Sample 2 
ΔP (Pa) v (m/s) K (m2) ΔP (Pa) v (m/s) K (m2) 
150 0.07 2.06 x10-10 150 0.10 2.89 x10-10 
200 0.12 2.65 x10-10 200 0.17 3.72 x10-10 
250 0.16 2.83 x10-10 250 0.22 3.96 x10-10 
300 0.19 2.80 x10-10 300 0.27 3.92 x10-10 
350 0.22 2.78 x10-10 350 0.31 3.89 x10-10 
400 0.25 2.77 x10-10 400 0.35 3.87 x10-10 
450 0.28 2.75 x10-10 450 0.39 3.85 x10-10 
500 0.295 2.61 x10-10 500 0.43 3.80 x10-10 
550 0.31 2.49 x10-10 550 0.47 3.74 x10-10 
600 0.32 2.36 x10-10 600 0.48 3.54 x10-10 
650 0.34 2.31 x10-10 650 0.51 3.47 x10-10 
700 0.35 2.21 x10-10 700 0.53 3.32 x10-10 
750 0.37 2.18 x10-10 750 0.56 3.27 x10-10 
800 0.38 2.10 x10-10 800 0.57 3.15 x10-10 
850 0.38 1.98 x10-10 850 0.57 2.97 x10-10 
900 0.39 1.92 x10-10 900 0.59 2.88 x10-10 
950 0.39 1.82 x10-10 950 0.59 2.72 x10-10 
1000 0.39 1.73 x10-10 1000 0.59 2.59 x10-10 
1050 0.4 1.69 x10-10 1050 0.60 2.53 x10-10 
1100 0.4 1.61 x10-10 1100 0.60 2.41 x10-10 
1150 0.4 1.54 x10-10 1150 0.60 2.31 x10-10 
1200 0.41 1.51 x10-10 1200 0.62 2.27 x10-10 
 
 
The average permeability figures obtained using Equation 4.1 for the two 
samples were 3.25 x10-10 m2 and 2.96 x10-10 m2 respectively, which compared 
favourably with the mean value measured in the field by Soar (2006) of 5.79 
x10-10 m2.  Since that the lab and field measurements have the same order of 
magnitude, the field measurement was favored over the lab measurement of 
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permeability.  The field measurement was the average of measurements 
taken across the height of the mound at the four mound quadrants.  The field 
measurement is a true representation of mound material permeability under 
which the mound operates.  Hence, the permeability field measurement has 
been used in the modeling of flow in the following Chapters.  According to 
(Bear 1988) the calculated permeability figures for the mound skin 
corresponds to a semi-pervious material like silt and fresh sandstone.  
 
P
vLK Δ=
..μ           (4.1) 
 
The remaining two samples were used to establish the porosity of the mound 
skin.  As a part of the TERMES project, Iain Young of the University of 
Abertay Dundee tested the porosity of the two samples using X-Ray imaging. 
This technique allowed him to obtain microscopic data for the void volume 
within each sample.  These tests indicated that the porosity of the mound skin 
is 0.6.  Such a porosity figure indicates that the pore volume is larger than the 
solid volume in the mound skin meaning that the mound material is highly 
porous.   
 
4.4.3 Flow Regime within the Mound skin 
   
To determine the flow regime within the mound skin, whether linear (Darcy 
law), quadratic, or both, the twenty two ΔP vs. v readings for Sample 2 were 
recorded and plotted in Figure 4.38.  It was not possible to reduce the 
pressure difference to values similar to the field measurements because the 
minimum pressure difference achieved in the Fluids Lab was 150 Pa.  
However, the trend line (Figure 4.38) can be extended in a straight line to the 
0 pressure difference and velocity values        
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Figure 4.38: Pressure gradient ΔP against the superficial velocity v of a mound skin sample 2.  
A trend line (R2 =0.995) was generated for ΔP ranging from 100-700 Pa to show the linear 
relationship in this range.    
 
Figure 4.38 can be divided into two zones a low velocity / Darcy zone and a 
high velocity / Darcy + Forchheimer zone because the trend of the pressure 
vs. velocity shows departure from linear behaviour beyond the value of about 
650 Pa.  According to Turner (2001), the maximum positive pressure gradient 
on the mound external surface is 10 Pa, hence it was decided to discard the 
high velocity zone from Figure 4.38 resulting in a linear relationship between 
the pressure gradient and the superficial velocity.  Based on the linear 
relationship the Forchheimer term was discarded from the Hazen-Dupuit-
Darcy model (introduced in Chapter 3) for application in the CFD simulation.  
 
4.5 Discussion and Conclusions 
 
Surface conduits underlie the mound skin across the mound height.  They 
tend to branch as the mound diameter increases towards the ground surface.  
They are connected laterally via the lateral branches (Figure 4.21) which 
means that air can move peripherally through the surface conduits from one 
side of the mound to the opposite without passing through the central chimney 
or lateral connectives.  Such air movement may help drawing air from the 
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central chimney towards the surface conduits where the stale air can mix with 
fresh air.  Darlington (1985) and Schuurman and Dangerfield (1996) indicated 
the presence of these conduits at the periphery of Macrotermes michaelseni 
mounds using 2D schematic diagrams of one section through the middle of 
the mound.  They did not study its structure in detail or provide any 
dimensional data.  Turner (2000a) managed to identify the vertical orientation 
of surface conduits and their presence across the height of the mound.  
However, he did not highlight the presence of lateral branching between 
adjacent surface conduits which is hard to spot in the 2D low resolution 
(100mm) vertical and horizontal sections he generated.  The revealed plaster 
filled M1 and M2 mounds provided 3D visualisation of the surface conduit 
network that provided a useful tool for identifying surface conduits structure in 
Macrotermes michaelseni.   
 
The central chimney in the Bot500 and Mid500 mound sections appeared to 
be generated by the convergence of vertical conduits that could have been 
surface conduits at a younger age of the mound as it grew and expanded.   
Some of the vertical conduits converge into the chimney at different levels 
where they stop.  Vertical conduits rise from the top of the nest unlike surface 
conduits that tend to originate from the nest peripheries.  This implies that 
these vertical conduits act mainly as collectors of spent air from the nest into 
the central chimney.  The central chimney and lateral connectives are almost 
absent from the Top1000 mound section.  Only a small number of surface 
conduits are present in the Top1000 mound section.  This trend was found in 
the two revealed M1 and M2 mounds and in the slice-and-scan mound M4.  
Darlington (1985) and Schuurman and Dangerfield (1996) presented 
schematics that indicated the presence of the central chimney across the 
height of the mound despite that the image they used to generate these 
schematics did not appear to show clearly the presence of the chimney in the 
mound top.  No dimensional data for the central chimney was generated in 
Darlington (1985) and Schuurman and Dangerfield (1996).  Turner (2000a) 
vertical sections showed the presence of central voids in the conical base but 
did not show clearly its presence in the spire section.                
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Lateral connectives are horizontal conduits that connect surface conduits to 
the central chimney either directly or via parallel vertical conduits.  In the 
Bot500 mound section, lateral connectives connect the surface conduits to the 
chimney via vertical conduits that are parallel to the surface conduits.  
However, near the transition between the Top1000 and Mid500, and within 
the Mid500 it connects the chimney to the surface conduits either directly or 
indirectly via the vertical conduits.  Thus air can travel through these lateral 
connectives either between surface conduits on the mound opposite sides or 
from the chimney to the surface conduits and visa versa.  In the previous work 
of Darlington (1985) and Schuurman and Dangerfield (1996), the presence of 
such conduits was only indicated in the mound spire using 2D schematic 
diagrams of one section through the middle of the mound.  Turner (2000a) 
mentioned the presence of a reticulated network of lateral connectives 
between the central chimney and surface conduits without specifying its 
structure or dimensional data.  He did not highlight the presence of vertical 
conduits which might have been confused with lateral connectives.  Some of 
the spent air may travel directly to the surface conduits through the lateral 
connectives instead of going to the chimney.  The slice-and-scan images have 
revealed this new aspect of internal structure in detail.  Darlington (1985) and 
Schuurman and Dangerfield (1996) generated a generalised description of the 
subterranean nest and conduit structure of Macrotermes michaelseni mounds 
but did not present in detail how the subterranean conduits connect the 
mound conduits to the nest structure and visa versa.  Turner (2000a) could 
not study the nest and subterranean conduit structures due to the limitations 
of the vertical and horizontal sectioning methodology that did not allow him to 
investigate the subterranean nest and conduit structures. 
 
As shown in Figure 4.39, the subterranean nest is connected directly to the 
chimney that starts from the centre of the nest.  It is also connected to the 
chimney via vertical conduits that rise from the top of the nest parallel to the 
surface conduits.  The nest is also connected to the surface conduits via 
peripheral subterranean conduits (H Figure 4.39) that connect to the 
peripheries of the nest at different heights.  The connectivity between surface 
conduits and peripheral subterranean conduits and the location of the latter 
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strongly suggests that this duct system supplies fresh air to the Nest provided 
suitable operating conditions.  The role of supplying fresh air to the nest via 
these conduits was not highlighted by Turner (2001) due to the lack of clarity 
regarding the presence or structure of subterranean conduits at the time.  The 
nest and the subterranean peripheral conduits are separated by a thick layer 
of soil.  The mass of soil separating the peripheral subterranean conduits from 
the nest structure may help maintain constant relative humidity and 
temperature in the nest atmosphere due to its significant thermal mass.  The 
fungus combs are interconnected and connected to the central chimney via 
small channels (about 9 mm in diameter) and the royal cell is connected to the 
central chimney via similar channels.  This work has provided detailed 
dimensional information relating to the nest structure and the connecting 
conduits.  
 
 
 
Figure 4.39: Internal structure of structure of Macrotermes michaelseni mound. A: foraging 
channels, B: royal cell, C: nurseries, D: Fungus Combs E: central chimney, F: lateral 
connectives, G: Surface Conduits, H: Prepheral Subterranean Conduits, and I: porous Mound 
walls.  Adapted from (Schuurman and Dangerfield 1996)   
 
The presence of egress channels was briefly mentioned in previous work.  
Turner (2000a) noted their presence in the internal mound surface at surface 
conduits while sectioning the Macrotermes michaelseni mounds.  His 
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C 
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E 
F 
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sectioning method of 100mm sections targeted the bigger ventilation conduits 
within the mound and not egress channels.  Loos (1964) noted that egress 
channels open to the external surface of Macrotermes natalensis mounds 
after rainy conditions without studying its structure or dimensions.  However, 
the revealed plaster-filled M1 and M2 mounds and the slice-and-scan M4 
mound provided an unprecedented insight into the structure of egress 
channels.  Egress channels are present across the mound height.  In the 
Top1000 mound section egress channels are longer than in the rest of the 
mound to compensate for the larger skin thickness.   Also at this mound 
section, egress channels depth is much smaller than the rest of the mound 
which supports intent to capture wind at these heights and counteract the 
effect of wind and rain erosion.  Turner (2000a) generated an approximate 
figure of 2mm for the egress channel diameter which is different from the 
mean value of 4.26mm measured in this work.  His approximate figure was 
generated after assessing the opening of few egress channels to the surface 
conduits in one of sliced sections.       
 
The above analysis shows that the mound conduits form a highly 
interconnected network of conduits that would allow air to move throughout 
the mound structure depending on the boundary and operating conditions.  
The subterranean void spaces and conduits are directly connected to the 
mound conduits which promote the movement of air throughout the mound 
and nest structures albeit at small quantities and low speeds.  Apart from the 
egress channels, no small channels or blocked conduits were found within the 
mound interior, and will therefore be responsible for the bulk of the resistance 
to flow.  As a result, it is feasible to simplify the mound 3D model in Chapter 6 
by not including the internal mound and Nest structures and concentrate the 
analysis on the effect of the mound skin on flow through the and around the 
mound skin.  
 
When compared to the previous studies on Macrotermitinae mounds, this 
study has shown the importance and necessity of using the revealed internal 
structure of plaster filled mounds, the slice-and-scan images, and the 
reconstructed 3D mound model in studying the mound and subterranean 
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structures and its dimensional data.  The geometry measured in this study 
also provides sufficient input data for the CFD modelling in Chapters 5 and 6. 
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5 Analysis of Flow through Mound Skin and Effect of 
Egress Channels 
   
 
In this chapter the flow through the mound skin is investigated.  As shown in 
the previous chapter the mound skin is pitted by a number of egress channels 
that are normally closed but may open to the external surface under certain 
conditions.  Egress channels usually underlie areas of external mound surface 
building, and probably serve as egress holes for worker termites to the 
external surface Turner (2000a).  Egress channels normally stop short of the 
mound external surface.  However, they may be opened to the external 
surface after incidents of heavy rains, as highlighted by Loos (1964).  During 
field work in Namibia, it was also observed that it was possible to induce 
egress channels opening by injecting smoke into the nest.  Beyond these 
observations on egress channel function, little is known about role played by 
these channels in mound ventilation.  This section investigates the hypothesis 
that egress channels function is air inflow regulation and mixing of fresh and 
stale air in the surface conduits.  The effect of closed and open egress 
channel on the flow through a segment of the mound skin was investigated by 
means of three CFD models:   
• Without an egress channel.   
• With closed egress channel. 
• With open egress channel. 
 
The dimensions and input parameters of the three CFD models are based on 
the geometry of the skin and egress channel measured in Chapter 4.  This 
chapter is divided into three sections.  The first two sections cover a micro-
CFD model of a representative skin segment with a single egress channel: (i) 
The effect of closing and opening of egress channels on the flow through 
mound skin segments is investigated and (ii) the effect of varying the 
geometry of closed egress channel on the air flow through a skin segment is 
studied.  In the third section the micro-CFD analysis on skin segments with a 
single egress channel scaled up to a Macro-CFD model of the entire mound 
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skin to estimate the total intake of air and oxygen for a Macrotermes 
michaelseni mound for three scenarios: no egress, closed egress, and open 
egress channels.  
 
5.1 Micro-CFD Analysis of the effect of Egress channels on Flow 
through Mound Skin 
 
Three 2D Micro-CFD models were devised to represent the three states for a 
typical Macrotermes michaelseni mound skin of no egress channel (Model A), 
closed egress channel (Model B) and open egress channel (Model C) 
respectively.  Then, a smoke experiment was conducted to visualise the 
structure of the flow through a closed egress channel into the mound.  In this 
chapter, the following considerations and assumptions were made for the 
CFD simulation: 
• The porous media is homogeneous, non-hygroscopic, isotropic, thermally 
inert, and saturated with air which is considered to be Newtonian 
incompressible fluid. 
• The flow regime in the three models is steady state and single phase. 
• The permeability and porosity of the porous structure surrounding the 
egress channel in the second and third models in the micro-CFD analysis 
is uniform. 
 
Commercial CFD code Fluent was used to solve the continuity and 
momentum equations as well as the k and ε equations, of the RNG k-ε 
turbulence model, for steady incompressible turbulent fluid flow across Models 
A, B, and C.  The segregated solver in Fluent was used in conjuction with the 
SIMPLEC for pressure velocity coupling which was recommended in Fluent 
(2005).  The Fluent manual (2005) recommends this approach since it 
improves convergence for problems with additional physical models like the 
porous media.  The discretizaton scheme for the momentum, turbulence 
kinetic energy and turbulence dissipation rate was the second-order upwind 
scheme.  The pressure interpolation scheme used is PRESTO that is 
recommended by (Fluent 2005) for solving flow through porous media.  
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5.1.1 CFD Model Geometry 
 
To test the effect of egress channels on flow through and past the mound 
skin, three axi-symmetric CFD models were created.  Models A, B, and C 
shown in Figure 5.2 were constructed in pre-processor Gambit 2.3.16.  The 
three models represent three states of the mound skin in a typical 
Macrotermes michaelseni mound; no egress channel, closed egress channel, 
and open egress channel.  The radius of each model is based on the area 
density of egress channels calculated in Chapter 4.4.1.  On average one 
egress channel occur every 5.19 x 10-4 m2 of the mound external skin surface 
area resulting in about 25.72 mm distance between two adjacent egress 
channels which corresponds to the diameter D of a circle surrounding each 
egress channel as shown in Figure 4.34a.  Each model was divided into two 
zones; Skin representing the porous mound material and Air representing the 
air space within and past the egress channel.  The dimensions of the three 
models are acquired from the grand mean skin and egress channel 
dimensions listed in Table 4-5.  
 
The results of Models B and C were compared to that of Model A to 
investigate the effect of the presence of closed and open egress channels on 
the flow rate through the mound skin segment.  As shown in Figure 5.1, the 
egress channel geometry of Models B was simplified to linear form instead of 
the actual tortuous form.  As has been shown later, this is justifiable because 
the pressure drop along the central axis of the closed egress channel is 
primarily due to the flow through the section of the skin preceding the egress 
channel rather than the egress channel. 
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Figure 5.1: A schematic of Model B showing the location of the egress channel depth and 
egress channel differential pressure areas that were used in Equation 5.1  
 
 
 
 
Figure 5.2: The axi-symmetric geometries of Models A, B, and C that were built in Gambit 
2.3.16 for simulation of flow of air through a skin sample with no egress channel, with closed 
egress channel and with an open egress channel in Fluent 6.2.16 respectively 
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5.1.2 Boundary Conditions 
 
The boundary conditions and input parameters used for each model are given 
in  
Table 5-1. 
 
Table 5-1: Boundary conditions and Model Domain inputs for models A, B, and C. the 
pressure inputs are based on differential pressure results obtained from (Turner 2001). The 
turbulence length scale is based on the diameter of Models A, B, and C. The viscous 
resistance is the permeability figure inverse and the inertial resistance is zero due to the low 
pressure and resulting low pore velocities.  
 
Boundary Zone Description Value 
Pin 
Pressure input (Pa) 10 
Turbulence length scale (m) 1.8x10-4 
Turbulence intensity (%) 0.5 
Mound Skin 
Viscous Resistance (1/m2) 1.73x109 
Inertial resistance Coefficient (1/m) 0 
Pout Pressure Output 0 
 
The pressure input boundary was set to10 Pa which is the maximum pressure 
gradient between the mound external surface and mound interior (Turner 
2001).  The turbulence length scale l is a physical quantity related to the size 
of the large eddies that contain the energy in turbulent flows (Fluent 2005). It 
was calculated using equation (5.2) as a function of the model diameter D.  
 
Dl 07.0=                                             (5.2) 
 
According to Fluent Manual (2005), a turbulence intensity of 1% or less is 
generally considered low and turbulence intensities greater than 10% are 
considered very high. The value of 0.5% was selected due to the low 
Reynolds number for the flow within the three models.  The viscous resistance 
is 1/K the reciprocal of the permeability as shown in Chapter 4.  The 
permeability used for the three models is the field measured permeability of 
5.79 x10-10 m2 by Soar (2006).  Since that the flow regime in the porous media 
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is laminar, as shown in Figure 4.38, the inertial resistance contributed to the 
mound skin could be set to 0. 
 
The governing equations were solved using Fluent’s segregated solver. 
Second order discretizaton schemes for the momentum, and turbulence 
kinetic energy and turbulence dissipation rate equations were used.  The 
employed pressure velocity coupling technique was SIMPLEC which is 
according to (Fluent 2005), improves convergence for problems with 
additional physical models like the porous media.  The pressure interpolation 
scheme used is PRESTO that is recommended by (Fluent 2005) for solving 
flow through porous media.  Convergence of the CFD simulation results was 
obtained when the residuals reached the value of 10-6.  
 
5.1.3 Meshing of CFD Model 
 
An ideal CFD solution should be independent of the mesh size/resolution.  A 
mesh dependency study was devised in order to determine the mesh 
resolution where further refinement of the mesh size would produce only 
around 1% improvement in the simulation results.  The study was carried out 
on Model B, to decide on the mesh resolution of the quadrilateral mesh 
(Figure 5.3) for each of the three models.  Four mesh resolutions were tested 
on the geometry of Model A as shown in Table 5-2.  Each mesh resolution 
was half that of the preceding mesh. 
 
 
 
Figure 5.3:  Model B meshed in Gambit using quadrilateral mesh with resolution of Mesh 4. 
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Table 5-2: The resolution and cell count of the four tested meshes. The size of each mesh is 
half that of the preceding mesh. 
 
 Mesh resolution (mm) Number of cells 
Mesh 1 0.75 5,940 
Mesh 2 0.375 13,320 
Mesh 3 0.188 53,040 
Mesh 4 0.0938 212,640 
 
 
5.1.4 Results and Analysis 
 
The mesh dependency study was conducted on the four meshes shown in 
Table 5-2 using the geometry of Model B.  The mass flow rate at the pressure 
output boundary of each mesh was recorded and compared to the value of 
preceding mesh as shown in  
Table 5-3.  The percentage difference between Mesh 3 and Mesh 4 is similar 
to that between Mesh 2 and Mesh 3 which suggest that some further refining 
of the mesh may be beneficial, but the mesh is broadly satisfactory.  Based on 
the mesh dependency study the mesh resolution of Mesh 3 was utilised for 
the other models.  
 
Table 5-3: The mass flow rate of the each mesh iteration and the percentage change between 
every tow consecutive mass flow rate values 
 
 Mass flow rate (kg/s) % Change 
Mesh 1 5.68 x 10-6 - 
Mesh 2 5.39 x 10-6 5.38 
Mesh 3 5.33 x 10-6 1.31 
Mesh 4 5.26 x 10-6 1.29 
 
. 
The mass flow rate through the pressure output boundary of Models A, B, and 
C were recorded in Table 5-4.  The mass flow rate of Models B and C were 
compared to that of Model A and recorded in Table 5-4.  The introduction of 
the closed egress channel in model B nearly doubled the flow rate through the 
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mound skin.  The open egress channel increased the mass flow rate in Model 
C to about 7 times that of Model A. 
 
Table 5-4: the mass flow rate through Models A-C and the percentage difference of each 
model with respect to Model A 
 
 Mass flow rate (kg/s) % change wrt Model A 
Model A 5.26 x 10-6 - 
Model B 9.35 x 10-6 +78.09 
Model C 3.66 x 10-5 +596.61 
 
 
In order to test the effect of introducing closed and open egress channels in 
Models B and C on the effective permeability K* of the whole skin segment, 
the mass flow rate through Models B and C along with the passive difference 
were processed using the Darcy law as shown in equation 5.3   
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LK πρ
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Δ=                   (5.3) 
 
The effective permeability K* of Model B and Model C was 1.04 x 10-9 m2 and 
4.06 x 10-9 m2 respectively.  The permeability of the mound material itself was 
found to be 5.70 x 10-10 which is typical of a semi-pervious material.  The 
effective permeability of models B and C on the other hand are on boundary 
of the semi-pervious and pervious materials range according to Bear’s (1988) 
classification.   
 
The static pressure along the symmetry axis of models A, B, and C was 
plotted against the axial distance along the symmetry axis.  Figure 5.4 
highlights detail closest to the Skin zone (0 – 50 mm) where all the pressure 
change is concentrated.  The linear pressure-drop in Model A shows 
behaviour typical to that of a single phase Darcy flow regime.  The pressure in 
Model B drops linearly from the first 5mm but more rapidly towards the end of 
the porous section (13.5 mm) as a consequence of the convergence of flow 
towards the egress channel.  This is illustrated in the velocity vector diagram 
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for Model B in Figure 5.5.   The CFD simulation results show that 84.2% of the 
mass flow rate within the model converges towards the egress channel rather 
than following a horizontal path through the skin surface.  The convergent flow 
induces high velocity flow of 0.87m/s at the egress channel exit forming a jet 
flow at the channel exit as seen in bottom of Figure 5.5. 
 
Figure 5.4: Static pressure vs axial distance in skin region (0 – 39.15 mm) along the 
symmetry axis of Models A, B, and C  
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Figure 5.5: Velocity vector diagram in the circled section of the computational domain at the 
bottom (scale of 6:1) showing the convergence of flow to the closed egress channel in Model 
B.  The resulting jet at the egress channel exit is shown velocity contour diagram at the 
bottom. Red represents maximum speed while blue represents minimum speed. The 
maximum velocity at the skin surrounding the egress channel is 0.051 m/s and the maximum 
speed at the egress channel is 0.87 m/s 
 
In Model C the pressure drops to 7.3 Pa as soon as it enters the open egress 
channel due to the rapid flow acceleration at its inlet.  About 93.49% of the 
flow travels through the open egress channel, whereas the remainder flows 
through the porous medium.  This effect in conjunction with velocity profile 
rearrangement within the egress channel causes the slight departures from 
the expected linear pressure gradient for an open circular disc in Figure 5.4.  
The absence of a porous medium between the high and low pressure zones 
results in a flow speed of 4 m/s at the exit of the egress channel where an 
intense axial jet is formed (bottom of Figure 5.6) that penetrates far into the 
exit region.   
  
Closed Egress Channel
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Figure 5.6: Velocity vectors diagram in the circled section of the computational domain at the 
bottom  (scale of 6:1) showing the convergence of flow to the open egress channel in Model 
C. The jet formed at the open egress channel exit is shown in velocity contour diagram at the 
bottom. Red represents maximum speed while blue represents minimum speed. The 
maximum velocity at the skin surrounding the egress channel is 0.25 m/s at the vicinity of the 
egress channel entrance. The maximum speed at the egress channel is 4 m/s. 
 
5.1.5 Smoke Experiment 
 
A smoke experiment was devised to qualitatively validate the flow patterns 
predicted by the CFD simulation, in particular the existence of jet flows in 
models B and C.  It was not possible to use the mound material to fabricate a 
sample due to the difficulty of obtaining a fairly homogeneous porosity and 
permeability across the created sample.  Using a physical sample with 
identical geometry to that of the CFD model with a fairly homogeneous 
porosity and permeability is necessary for a valid comparison between the 
CFD and smoke experiment results.   
 
A physical sample was fabricated according to the geometry of Model B.  The 
rapid prototyping machine ZPrinter®450 was used to fabricate the sample 
using the plaster based powder Zp130.  It builds components layer by layer 
where a binder is printed on each powder layer.  The component cross 
section is produced by printing a binder onto the deposited powder layer.  
Upon completion of the printing process for each layer, the build platform 
lowers to repeat the previous steps until the full component is built.  No 
Open Egress channel
 136
colouring or wax was applied to the samples external surface to keep it 
permeable.  The fabrication process was controlled so that a sample has 
identical overall geometry to that of Model B.  To guarantee a uniform porosity 
of the material throughout the sample, the outer 2mm of the rapid prototyped 
sample were ground away to remove a skin layer of the binder deposited by 
the fabrication process. 
 
The smoke experiment was conducted using the custom permeability 
apparatus used in Chapter 4 by introducing the modification shown in Figure 
5.7.  This experiment was conducted as a qualitative validation for the flow 
through Model B and the generated jet flows.  As shown in Figure 5.7, a 
transparent 200 mm long PVC pipe was placed in the middle of the flange 
assembly.  White smoke is generated by the Teknova RG-100 smoke 
generator using the Shell Ondina 917 Oil, injected into the transparent pipe 
via a smoke injection port.  The jet at the exit of the egress channel was 
visualized as clear air after filling the downstream pipe section with white 
smoke and starting the flow.   
 
Smoke Injection 
Port
Flow direction
Flange 
Assembly
Transparent PVC Pipe
Sample B
 
Figure 5.7: Modified flange assembly in custom-made permeability apparatus to 
accommodate the transparent PVC pipe where white smoke was injected to investigate the 
presence of jet flow in the downstream of samples with closed egress channels by applying a 
pressure differential across the sample.     
    
The jet flow is shown in Figure 5.8 by the thin transparent line through the 
injected smoke.  Above and below the jet a thin transparent layer is visible 
adjacent to the porous sample.  This transparent layer signifies the presence 
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of flow coming out of the porous material surrounding the egress channel.  It 
is clear from the small size of the affected region that this flow is modest 
compared to the jet flow emerging from the egress channel.      
 
 
 
Figure 5.8: Visualized jet flow in the exit region of mound section Model B. White smoke was 
injected into the transparent 200 mm long PVC pipe placed in the middle of the flange 
assembly after applying a differential pressure across the part.  White smoke was generated 
from Shell Ondina 917 Oil using the Teknova RG-100 smoke generator 
 
5.2 Sensitivity of Flow Rate to Variation of Egress Channel Dimensions  
 
Under the normal/dry environmental conditions only closed egress channels 
are present in the mound skin.  However, there is considerable geometric 
variability between closed egress channels at different positions on the mound 
surface.  The aim of the work in this section is to compute the air flow through 
a mound skin segment with a closed egress channel for different values of 
depth from the skin external surface de and the skin thickness ts.  Further 
analysis was conducted on Model B to investigate the effect of varying the 
egress depth and skin thickness on the effective permeability of the mound 
skin in the Top1000, Mid500, and Bot500 mound sections.  Nine micro-CFD 
models were generated for each of the three mound section by utilising 
combinations of the mean, minimum, and maximum dimensions of the egress 
channel depth and skin thickness measured in Chapter 4.   
 
Jet
Built Part 
(Model B) Injected 
smoke 
Transparent 
Layer 
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5.2.1 Method 
 
Nine 2D axi-symmetric CFD models for each the Top1000, Mid500 and 
Bot500 mound sections (27 in total) were designed in Gambit 2.3.26 
according to the design of Model B shown in Figure 5.2.  The nine models for 
each mound section were designed to cover the variation in both the egress 
channel depth de and skin thickness ts according to the following criteria. 
.   
• For each of the Top1000, Mid500 and Bot500 mound section, the 
corresponding mean value of the surface conduit diameter SC_d of 
67.76mm. 
• The grand mean egress channel diameter of 4.15 mm (chapter 4) was 
constant for all 27 models, since the egress channel diameter does not 
vary significantly in the three mound sections as shown in chapter 4.   
• The model diameter D was based on the average distance between the 
centres of adjacent egress channels of 25.72 mm calculated in section 
5.1.2. 
• Each of the mean, maximum and minimum values of de was used with 
three ts values forming three models for each de value and nine models in 
total. 
• For the Mid500 and Bot500 mound sections, the skin thickness ts value 
had to be increased to the maximum observed value in Chapter 4 to avoid 
the values of egress depth de exceeding the devised skin thickness ts. 
 
The dimensions of the 27 CFD models are summarised in Table 5-5 
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Table 5-5: Nine samples created for each of the Top1000, Mid500, and Bot500 mound 
sections. All dimensions are in mm 
 
Top1000 Mid500 Bot500 
Model de ts Model de ts Model de ts 
B1 1.64 29.61 B10 1.9 9.87 B19 3.35 16.67 
B2 1.64 52.94 B11 1.9 30.18 B20 3.35 34.17 
B3 1.64 82.91 B12 1.9 39.48 B21 3.35 58.23 
B4 5.53 29.61 B13 16.43 20 B22 18.67 21 
B5 5.53 52.94 B14 16.43 30.18 B23 18.67 34.17 
B6 5.53 82.91 B15 16.43 39.48 B24 18.67 58.23 
B7 17.7 29.61 B16 27 28.5 B25 29 31 
B8 17.7 52.94 B17 27 30.18 B26 29 34.17 
B9 17.7 82.91 B18 27 39.48 B27 29 58.23 
 
 
The 27 CFD models were simulated in Fluent 6.2.12 to obtain the mass flow 
rate across each of models.  A measure of the effect of the variation in egress 
channel depth on the overall skin permeability for each of the 27 simulations 
was obtained by devising an effective skin thickness t* Equation (5.4) which 
was derived from the permeability Equation (4.1): 
   
m
AKPt &.
...*
μ
ρΔ=                  (5.4)  
 
The same mesh resolution that was used to conduct the flow experiments in 
section 5.1 is used for this model.  The effective skin thickness t* represents a 
mound skin section with uniform thickness and no egress channel as that of 
Model A, while having the same resistance to flow as that of sample with an 
egress channel structure.  The boundary conditions and model inputs were 
the same as those given in  
Table 5-1 where details of the CFD simulation methodology can be found.  
The differential pressure ΔP across the three mound sections was kept at 10 
Pa even though the actual pressure is non-uniform across the mound height.  
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However, since the porous medium resistance characteristic is viscous, the 
effective skin thickness will be proportional to the ratio of differential pressure 
and the mass flow rate.     
 
5.2.2 Results and Analysis 
 
The resulting effective skin thickness t* values for Models B1-B27 in the 
Top1000, Mid500, and Bot500 mound sections were listed in  
Table 5-6. 
  
Table 5-6: The calculated t* values of the Top1000, Mid500, and Bot500 mound sections. All 
dimensions are in mm 
 
Top1000 Mid500 Bot500 
Model t* Model t* Model t* 
B1 9.77 B10 9.32 B19 10.25 
B2 10.86 B11 10.15 B20 11.97 
B3 11.59 B12 10.59 B21 12.87 
B4 13.77 B13 19.32 B22 20.61 
B5 14.81 B14 23.32 B23 25.81 
B6 15.71 B15 24.33 B24 27.31 
B7 24.22 B16 28.19 B25 30.60 
B8 26.16 B17 29.54 B26 32.84 
B9 27.15 B18 33.54 B27 37.02 
Mean t* 17.10 Mean t* 20.93 Mean t* 23.25 
 
 
Figure 5.9 shows that the computed t* is strongly dependant on egress depth 
de and less dependent on the skin thickness ts.  
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Figure 5.9: Effective skin thickness t* vs egress depth de for each of the skin thickness ts 
values for each of the nine models in the Top1000 mound section. 
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Figure 5.10: Effective skin thickness t* vs egress depth de for each of the skin thickness ts 
values for each of the nine models in the Mid500 mound section. 
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Figure 5.11: Effective skin thickness t* vs egress depth de for each of the skin thickness ts 
values for each of the nine models in the Bot500 mound section. 
 
The three skin thickness ts lines in Figures 5-10 and 5-11 are not always 
parallel as those of Figure 5.9 because of the adjustment of the skin thickness 
ts values to always exceed that of egress depth de.  However, the simulation 
results of the Mid500 and Bot500 mound sections have similar trends to those 
noted for the Top1000 mound section where the effective skin thickness t* is 
strongly dependant on egress depth de and less dependent on the skin 
thickness ts as shown in Figures 5-10 and 5-11. 
 
5.3 Rate of Air Inflow across the Mound height 
 
In the previous two sections of this chapter, the effect of the presence of a 
closed and an open egress channel geometries on the flow rate through a 
mound skin segment of 25.72 mm in diameter were investigated.  In this 
section, the micro-CFD simulation results are used to make an order-of-
magnitude estimation of the total rate of air inflow into the mound across the 
mound height.  The analysis was divided into three scenarios: 
• In the first scenario the mound skin had no egress channel structure 
across the Top1000, Mid500, and Bot500 mound sections; the skin 
thickness was set to the corresponding mean skin thickness ts of each 
mound section that was recorded in Table 4-5. The permeability was 
assumed to be equal to the field measured permeability of 5.79 x10-10 m2 
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along with porosity of 0.6 which is the mound material porosity measured 
by Young (2006) as indicate din Chapter 4.   
• The mound skin across the three mound section was assumed to have 
closed egress channels in the second scenario.  The skin thickness of the 
Top1000, Mid500, and Bot500 mound sections were set to the 
corresponding mean effective skin thickness t* values of 17.10, 20.93, and 
23.25 mm respectively that were calculated in section 5.2 to simulate the 
effect of increased permeability.  The porosity was set to 0.6 (Young 
2006).       
• The third scenario tested the flow rate through the mound skin under 
typical rainy conditions where the mound skin absorbed the rain water 
resulting in no air flow through the mound skin apart from the Top1000 
mound section where part of the egress channels are opened as indicated 
field observations of Macrotermes michaelseni mound skin after rainy 
conditions.  A small portion in the opposite and/or lateral side of the 
Bot500 mound section was also opened.  The mass flow rate through one 
open egress channel was obtained by running 2D axis-symmetric CFD 
model.  The CFD model has the same geometry as Model C in section 5.1 
apart from the skin thickness which was set to the mean skin thickness ts 
recorded in Table 4-5 for the Top1000, along with the permeability and 
porosity that were set to 0. 
 
5.3.1 Method 
 
The volumetric flow rate into the mound was calculated in three different 
scenarios based on the above three mound skin states.  The volumetric flow 
rate into the Top1000, Mid500, and Bot500 mound sections in the first and 
second scenarios was calculated using equation 5.5 as shown below. 
 
vAQ .*=                              (5.5) 
 
The effective surface area A* and velocity v were calculated using equations 
5.6 and 5.8.   
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Figure 5.12: schematic of the upwind quadrant of the mound (grey) showing the area affected 
by the positive upwind pressure (light grey) which was used to approximate the area 
correction factor fA.  
 
Where As is the conical frustum surface area where Da and Db are the top and 
bottom diameters of each mound section and H is the height of a mound 
section.  The surface area correction factor fA (illustrated in Figure 5.12) was 
designed to approximate the fraction of surface area where the upwind 
positive pressure would cause flow into the mound based on the preliminary 
studies of flow around conical structures that were conducted by the author 
prior to this study.  The different size of fA on the three conical frustums 
(Top1000, Mid500, and Bot500), as shown in Figure 5.12, is based on the 
study conducted by Okamoto et al. (1977).  According to Okamoto et al. 
(1977) the separation point of the external cone surface is brought closer 
towards the upwind side and accordingly less area is affected by the positive 
pressure as the vertex angle of the cones is increased.  The vertex angles of 
the three mound section are 
Bot500
Mid500
Top1000 
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αTop1000 < αMid500 < αBot500 
 
Preliminary CFD work on the flow around porous structures with conical 
shape, which was studied in more detail in Chapter 6, also indicated that the 
upwind quadrant of the Top1000 had the largest area affected by positive 
pressure. The remainder of the mound, especially in the Mid500 and Bot500 
mound sections this area was decreased.  For scenarios 1 & 2, the surface 
area correction factor fA was approximated to 1/2, 1/3, and 1/4 in the Top1000, 
Mid500, and Bot500 respectively. 
 
st
KPv
2⋅
⋅Δ= μ                   (5.8) 
 
According to Equation 5.8, the internal velocity (flow velocity past the mound 
skin) value is based on the differential pressure ΔP values that are derived 
from the field measurements conducted by Turner (2001) on a number of 
Macrotermes michaelseni mounds in the Omatjenne Research Station, 
Namibia.  The differential pressure ΔP in Equation (5.8) was calculated using 
Equation (5.9) where the maximum and minimum pressure values are set to 
be the upwind and lateral pressures accordingly.  
  
LateralUpwind APAPP −=Δ                  (5.9) 
 
Since the pressure is not constant along the height of each mound section 
due to the wind boundary layer (Turner 2001), average upwind and lateral 
pressure values, APupwind and APLateral for each mound section, were devised.  
The APupwind and APLateral values were calculated as the average of the two 
extreme pressure readings of each quadrant on every mound section as 
shown in Figure 5.15.  The pressure field measurements in Turner (2001) 
were conducted for a 2.5m high mound.  However, the height of the mound 
modelled in this section is 2m high.  Therefore the pressure readings had to 
be adapted reducing the maximum pressure from 10Pa to 7.24Pa as shown in 
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Figure 5.15.  The differential pressure ΔP of the average pressure values 
APupwind and APLateral that were calculated using Equation 5.9 and the data as 
shown in Figure 5.15 are listed in Table 5-7.   
 
 
 
Figure 5.13: The external pressure distribution of the upwind and lateral sides on the mound 
along with the corresponding mound height.  For illustrative purposes the lateral quadrant 
pressure is shown on the downwind quadrant position.  Pressure values are adapted from the 
data provided in (Turner 2001)      
 
Table 5-7: Differential pressure ΔP for the Top1000, Mid500, and Bot500 mound sections that 
was calculated using equation 5.8 
 
 APUpwind APLateral ΔP 
Top1000 5.45 -17.7 23.1502
Mid500 2.83 -7.35 10.1826
Bot500 1.00 -2.25 3.25 
 
 
In the first scenario, the skin thickness t was set to the mean skin thickness 
values for the three mound sections as devised in Table 4-5.  In the second 
scenario, t was set to the mean effective skin thickness t* of each mound 
section that was calculated in section 5.2.  The skin thickness t, the effective 
area A*, and the flow through the mound skin velocity v for the three mound 
sections for scenarios 1 & 2 are outlined in Table 5-8.  The permeability K, 
2 m
1 m
0.5 m
Bot500
Mid500
Top1000 
2 Pa 
3.67 Pa
7.24 Pa
APupwind 
-4.5 Pa 
-10.2 Pa
-25.2 Pa
5.45 Pa 
2.83 Pa 
1 Pa 
-17.7 Pa 
-7.35 Pa
-2.25 Pa
APLateral 
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and dynamic viscosity μ were set to 5.79 x10-10 m2 and 1.79 x10-5 kg/m.s 
respectively. 
 
Table 5-8: The skin thickness t, effective surface area, and flow velocity through the mound 
skin that were used to calculate the mass flow rate through mound skin using equations 5.5, 
and 5.8. 
 
  ts (mm) A* (m2) v (m/s) 
Scenario 1 
(No Egress) 
Top1000 52.94 0.18 7.46x10-3 
Mid500 30.18 0.15 5.76x10-3 
Bot500 34.17 0.24 1.62x10-3 
Scenario 2 
(Closed Egress)
Top1000 17.10 0.18 2.31x10-2 
Mid500 20.39 0.15 8.30x10-3 
Bot500 23.25 0.24 2.38x10-3 
 
 
For the third scenario, the volumetric flow rate into the mound was calculated 
based on the mound skin state under rainy conditions where no air 
permeability.  The volumetric flow rate through the Top1000 was calculated 
using equation 5.10 as shown below:   
 
2
** 4
D
A
A
AQQ
egress ⋅
⋅=⋅= π
&           (5.10) 
 
The volumetric flow rate Q&  through one open egress channel was obtained by 
running a CFD simulation of flow through a 2D axis-symmetric CFD model of 
an impermeable skin section with one open egress channel.  The CFD model 
has a similar geometry to that of Model C in (Figure 5.2).   However, the skin 
thickness was set to the mean skin thickness ts for the Top1000 (Table 4-5) 
instead of the mean skin thickness for the three mound sections (Table 4-5) 
used for Model C.  The pressure P0 at the model input boundary condition 
was set to the difference between the upwind positive pressure at the 
Top1000 (5.45 Pa) and the negative lateral pressure at the Bot500 (2.25 Pa) 
of 7.7 Pa instead of 10 Pa that was used for Model C.  This is because the 
rest of the mound was sealed from the external pressure by the wet mound 
skin apart from the areas where the open egress channels of upwind quadrant 
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of Top1000 and downwind and/or lateral of the Bot500.  The permeability and 
porosity for this model were set to 0.  The generated volumetric flow rate Q&  is 
2.54 x10-5 m3/s.  The effective skin surface area A* for the third scenario is 
0.18 m2 (Equation 5.6).  Aegress and D are the cross sectional area and the 
diameter of the skin section surrounding the open egress channel 
respectively.  The value of D is 25.7 mm as shown in Figure 5.2. 
 
5.3.2 Results and Analysis 
 
The volumetric flow rate of air into the mound skin for the three scenarios, that 
was obtained using Equation 5.5 (scenarios 1 & 2) and Equation 5.10 
(scenario 3), is outlined in Table 5-9.  
 
Table 5-9: Volumetric flow rate of air into mound Top1000, Mid500, Bot500 sections in the 
three scenarios of no egress and closed egress, and open egress channels in the Top1000. 
 
  Scenario 1 (No Egress)
Scenario 2 
(Closed Egress)
Scenario 3 
(Open Egress) 
Vo
lu
m
et
ric
 F
lo
w
 
R
at
e 
QTop1000 (m3/s) 1.26 x10-3 3.89 x 10-3 7.21 x 10-3 
QMid500 (m3/s) 8.05 x10-4 1.16 x 10-3 - 
QBot500 (m3/s) 3.72 x10-4 5.47 x 10-4 - 
QTotal (m3/s) 2.43 x10-3 5.60 x 10-3 7.21 x 10-3 
QTotal (L/min) 146.98 335.72 432.53 
 
 
The total air intake of the mound in Scenario 1, as shown in Table 5-9, is 
close to that of a human athlete exercising at 115.5 L/min (Vander et al. 
1994). Turner (2005a) estimated that the collective respiration rate of a typical 
termite colony and the farmed fungus is equivalent to that of a goat or a cow, 
so the predicted air flow through a termite mound should be sufficient even 
without egress channels.  However, it should be noted that some of the air 
entering the mound would flow and circulate in the epigeal conduits without 
necessarily reaching the nest where the termite colony resides.  Moreover, the 
surface conduits on the mound four quadrants are laterally interconnected 
providing an alternative route where air flows from the upwind to the 
downwind and lateral sides and then out of the mound without reaching the 
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nest.  The reticulated network of internal air conduits would also generate 
resistance to the air flow within the mound.  The turbulent nature of the 
external wind where wind direction and speed are constantly changing would 
result in part of the inflow exiting the mound without reaching the colony nest.  
In short, only part of air inflow to the mound will reach levels below ground 
conduits and the nest.  It is important for the mound skin to allow excess 
inflow of air to compensate for the internal structure resistance and the 
turbulence of the external winds which is achieved in scenario 2 by the 
introduction of egress channels.  The presence of closed egress channels ( 
Table 5-9) insures an increase of the air intake by 2.3 times that of Scenario 1 
where no egress channels are present. 
 
During rainy seasons Macrotermes michaelseni termite mounds can be 
subjected to torrential rains where the mound skin is saturated with rain water 
rendering it impermeable by air.  To prevent the termite colony from 
suffocating, worker termites open some of the egress channels in the mound 
spire as an emergency precaution.  For this emergency measure to be 
effective the air intake by the mound in the rainy conditions should, at least, 
match that in normal conditions (scenario 2).  In scenario 3 the air intake is 1.3 
times that of scenario 2 as shown in  
Table 5-9.      
 
5.4 Discussion and Conclusions 
 
The existence of egress channels was noted in past studies of the 
Macrotermes michaelseni termite mound structure.  In these studies, egress 
channels are described as access points to the mound external surface for 
repair and alates flight.  The results of the CFD simulation and the smoke 
experiment in this chapter suggest an extended function for egress channels.  
The presence of egress channels increase the amount of flow admitted into 
the mound while maintaining a sufficiently thick skin capable of protecting the 
mound from erosion and predation.  Even when egress channels are closed 
the flow rate of air is almost double the value through mound skin without 
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egress channels.  At the same time a separation is maintained from the 
ambient environment.  If the mound skin becomes impermeable, due to heavy 
rains for example, a closed egress channel is opened to pass fresh air flow to 
the internal conduits allowing up to six times more flow.  
 
The resistance to flow in a mound skin with egress channels is dominated by 
the egress channel depth from the skin external surface and not the overall 
skin thickness or the surface conduit diameter.  The termite colony has the 
task to maintain a skin thickness that is sufficient to protect the mound skin 
from predators’ attacks and erosion while controlling the supply of fresh air by 
adjusting the egress channel depth.  Changing the egress channel depth 
instead of the total skin thickness allows the termite colony to speedily restore 
the metabolic gas balance within the colony while maintaining the structural 
integrity of the mound skin and conserving the worker termite energy.        
 
The jets generated due to the presence of egress channels provide extra 
momentum to the inflow of air, which promotes mixing between stale and 
fresh air in the surface conduits.  This creates gradients of metabolic gas 
concentration within the mound.  The turbulent and transient nature of the 
ambient wind results in the creation of jets that vary in its magnitude in a 
pulsating manner intensifying the changes in these concentration gradients 
which in turn provides signalling to termites to engage in mound building 
activities.  
 
The mound skin without egress channels would allow an inflow of air which is 
sufficient for the metabolism of the termite and fungus colony.  However, part 
of the air inflow leaves the mound without reaching the termite colony 
because of the flow resistance caused by the reticulated network of internal 
conduits and the turbulent nature of the external.  Therefore, closed egress 
channels are built and maintained to allow more than double the amount of air 
into the mound.  Under rainy conditions these egress channels are opened in 
the spire and the bottom of the mound.  This happens to enforce a path where 
the inflow of air passes near the nest so that the required portion of air 
reaches the nest.  The extra inflow allowed by the open egress channels 
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helps the flow to overcome the internal resistance of the path from the mound 
top to the bottom.   
 
Under normal conditions where the egress channels are closed, the mound 
spire/Top1000 mound section admits just under 70% of the total rate of air 
inflow in the mound.  In effect the flow into the mound Top1000 is greater than 
the rate of inflow of air through the Mid500 and Bot500 mound sections 
combined.  Moreover, the height of the spire section and the effective skin 
thickness t* in the spire section compared to the other two mound sections, 
are the main reasons behind the greater efficiency of the spire section to air 
inflow.  The higher spire sections experience larger pressure gradients and 
hence enhanced air flow rate.  The effective skin thickness t* has the smallest 
value at the Top1000 section because the depth of the closed egress 
channels de is smaller than anywhere else on the mound despite the Top1000 
having the largest skin thickness.  The higher air inflow at the top of the 
mound could be the reason for the observed behaviour of termite opening 
egress channels in the spire section rather than elsewhere on the mound 
during rainy conditions.   
 
The work in this chapter proved the importance of the Macrotermes 
michaelseni termite mound skin structure, namely egress channels, for 
efficient ventilation of the nest.  However, the effect of the conical topology of 
the external mound and its interaction with the external turbulent winds on the 
external pressure distribution, which is the main driver of the nest ventilation, 
was not investigated.  In the following chapter, a CFD model of the mound will 
be conducted to test the effect of the mound conical topology and turbulent 
winds on the internal and external flow patterns and the resulting internal flow 
speeds.   
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6 Effect of the Macrotermes michaelseni Mound 
Topology on the Flow Patterns Through and 
Around the Mound skin 
 
 
In this chapter, the effect of the external mound skin conical topology, and the 
turbulent wind profile upstream of the mound structure on the flow patterns in 
and out of the mound was investigated.  The study of the effect of egress 
channels on flow through the mound skin in Chapter 5 had made it clear that 
egress channels play a major role in determining the rate of flow through the 
mound.  However, the effect of the external mound skin topology and the 
pressure fields created on the mound external surface on the flow around and 
through the mound skin was not analysed.  To achieve this, a 3D mound 
model with hollow interior representing the mound skin was produced based 
on the data obtained from the geometry analysis of the Macrotermes 
michaelseni mound reported in Chapter 4.  The structure of each egress 
channel cannot be represented due to their large number and limited 
computing resources.  The effect of egress channel structure on the flow 
resistance and flow through the mound skin was incorporated by using the 
effective skin thickness t* that was introduced in Chapter 5.  The results of the 
3D simulation, the pressure distribution around the mound skin and the flow 
patterns through and around the mound skin, were analysed and compared to 
field measurements by Loos (1964) and Turner (2001).   
 
This chapter is divided into two sections.  In the first section, the distribution of 
effective mound skin thickness t* was derived from the results of 2D CFD 
simulations in Section 5.2.  In the second section, the flow around and through 
the 3D mound skin model was simulated to investigate the pressure 
distribution on the external skin surface and the effect of the conical topology 
of the mound on the flow patterns in and out of the mound.     
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6.1 Effective Mound Skin Thickness 
 
Modelling the structure of egress channels in the skin of the 3D mound skin 
model would generate mesh that is prone to highly skewed elements which 
would result in an unstable CFD simulation.  Including the structure of egress 
channels (about 4mm in diameter) into the 2 m high termite mound skin 3D 
model would requires an extremely fine mesh resolution with mesh cells of 
about 0.1 – 0.25 mm in the X, Y, and Z coordinates in the mound skin region 
to accurately simulate the flow around the region of each egress channel.  
Such a fine resolution mesh with large scale geometry features in the order of 
metres would generate a large model size that requires excessive amounts of 
storage and runtime.  A useful simplification to the problem can be achieved 
by devising an effective mound skin thickness that encompasses the effect in 
terms of resistance to flow but ignores the fine structure of egress channels.   
 
In Chapter 5, the effective mound skin thickness t* was evaluated as a 
function of egress channel geometry for 27 models.  The mean t* for each of 
Top1000, Mid500 and Bot500 mound section was calculated (Table 6-1).  In 
this section, One way ANOVA analysis is conducted on the 27 t* values 
produced in Chapter 5 ( 
Table 6-1) to determine which t* value to be used in each of Top1000, Mid500, 
and Bot500 sections of the simplified 3D mound model.   
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Table 6-1: The calculated effective skin thickness t* values for the Top1000, Mid500, and 
Bot500 mound sections in Chapter 5. All dimensions are in mm 
 
Top1000 Mid500 Bot500 
Model t* Model t* Model t* 
B1 9.77 B10 9.32 B19 10.25 
B2 10.86 B11 10.15 B20 11.97 
B3 11.59 B12 10.59 B21 12.87 
B4 13.77 B13 19.32 B22 20.61 
B5 14.81 B14 23.32 B23 25.81 
B6 15.71 B15 24.33 B24 27.31 
B7 24.22 B16 28.19 B25 30.60 
B8 26.16 B17 29.54 B26 32.84 
B9 27.15 B18 33.54 B27 37.02 
Mean t* 17.10 Mean t* 20.93 Mean t* 23.25 
 
 
6.1.1 ANOVA Analysis of Effective Skin Thickness t*   
 
To decide whether to use each of the mean values for each mound sections 
as the thickness of the mound skin in the 3D mound skin model or the grand 
mean value as a uniform thickness of the skin of the 3D model, a statistical 
analysis of the variance of t* for the three models was conducted.  The One 
Way ANOVA (Analysis of Variance) test was used to statistically test whether 
t* of the three mound groups are significantly different or not. 
 
The ANOVA was tested by generating Fstatistic which is compared to Fcritical that 
is obtained from the F-Distribution (α=0.05) look-up presented in (Hair 1998).  
The mean values of the three mound sections and the grand mean were listed 
in Table 6-2 that were used to obtain the SSW (within group sum of squares) 
and SSB (between groups sum of squares) values as shown in Tables B.1- 
B.3 (Appendix B) 
.  
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Table 6-2: The mean t* values for each mound section, grand mean t* (in mm), SSW, and 
SSB values for Top1000, Mid500, and Bot500 mound sections and the sum of three values 
for SSW and SSB. 
 
 Top1000 Mid500 Bot500 Grand Mean Sum 
Mean t* 17.11 20.92 23.25 20.43 - 
SSW 374.84 663.46 769.57 - 1807.87 
SSB 98.86 2.18 71.66 - 172.72 
 
 
Table 6-3: Values of MSB and MSE obtained using df(B) and df(W). 
 
df(W)  24 
df(B)  2 
MSB SSB/df(B) 86.35 
MSE SSW/df(W) 75.32 
 
 
The SSW and SSB along with df(B) (degrees of freedom of MSB) and df(W) 
(degrees of freedom of MSE) were used to obtain MSB (mean sum of squares 
between groups) and MSE (mean sum of squares within groups) as shown in  
Table 6-3. 
 
The ratio of MSB and MSE was used to generate the Fstatistic value which is 
1.15 according to Equation (6.1)  
 
MSE
MSBFstatistic =                            (6.1) 
 
Fcritical was found to be 3.4 according to the F-Distribution look-up presented in 
(Hair 1998) using the df(B) and df(W) values and P<0.05 significance level as 
inputs. 
 
Since that Fstatistic < Fcritical, the grand mean value of the effective skin 
thickness t* is not significantly different from that of the three mound sections.  
Therefore, the grand mean 
−
t  will be used as the skin thickness for the mound 
skin 3D model.    
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6.2 Modelling Methodology of Flow Around and through 3D Mound 
Skin Model 
 
The CFD simulation is to focus on the effect of the conical topology and the 
upwind wind profile on the flow around and through the skin of the 
Macrotermes michaelseni termite mound.  The following assumptions were 
devised:   
• The porous media is homogeneous, non-hygroscopic, isotropic, thermally 
inert, and saturated with Newtonian incompressible fluid. 
• The flow regime is single phase and steady state. 
 
The external mound dimensions, reported in Chapter (section 4.2), were used 
to build a 3D mound model with a skin thickness equal to the grand mean 
effective skin thickness t*.  To evaluate the patterns of air flow around and the 
rate of air flow into the mound, the 3D model does not need to represent the 
internal structure. The skin model surrounding an air space should, however, 
correctly represent the flow resistance of the porous skin. 
 
6.2.1 CFD Model Geometry 
 
The computational domain was created in the Fluent program pre-processor 
Gambit 2.3.16.  The simplified mound 3D model has a symmetrical spire 
unlike the constructed 3D model of mound M4 that has a titled spire.  
Personal field examination of Macrotermes michaelseni mound structure at 
the Omatjenne Research Station indicated that the spire of mounds built in the 
shadow of a tree without being shielded from the turbulent winds is not tilted 
Figure 6.1.  This made it desirable to design the simplified mound model with 
a symmetrical spire.  Moreover, if the simplified mound model was designed 
with a tilted spire, at least three simulations instead of one would have been 
required for each spire orientation with respect to the wind direction.  This is 
because of the lack of a prevalent wind direction (Turner 2001; Turner and 
Marais 2007).  This helped focus the analysis on the effect of the conical 
topology of the mound. 
 
 157
. 
 
Figure 6.1: Macrotermes michaelseni mound with untitled spire that is protected from the sun 
radiation in the shadow of a tree without blocking the wind flow  
 
The mound simplified 3D model was divided into three zones: Core, Skin, and 
Box as shown in Figure 6.2.  The hollow mound model is placed in Box, which 
is a fluid zone representing the ambient air surrounding the mound.  Core is a 
fluid zone representing the hollow mound interior where the working fluid is 
air.  Core is surrounded by Skin which is a porous material zone. 
 
 
Figure 6.2: Side view of computational domain showing the three zones comprising the 
computational domain; Core, Skin, and Box zones 
 
Box
Core
Skin 
x 
z 
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The Box zone was designed with the following dimensions 9 x 6 x 4 m.    
Since the flow around the lateral sides of this model is symmetric, half the 3D 
model was built in Gambit with a symmetry boundary through its centre 
(parallel to x-z plane) reducing the size of the meshed model to 9 x 3 x 4 m 
(Figure 6.2).  The centre of the mound (Core and Skin zones) was placed at 
distance of 3 m from the model input boundary to inure that the inlet is not 
affected by the presence of the mound.  Initially the downstream length of the 
computational domain was designed to be 3 m (total of 6 m instead of 9 m), 
however, the proximity of the model outlet to the turbulent wake flow resulted 
in a reversed flow from the model outlet which resulted in unstable and 
divergent simulation.  A stable converged simulation was achieved by 
extending the downstream length of the computational domain to 9m.  The 
simplified 3D mound model was built from three concatenated conical 
frustums that are based on the dimensions of the three mound sections: 
Top1000, Mid500, and Bot500 (Figure 6.3) devised in chapter 4.  The mound 
skin thickness was set to 20.42mm, which is the grand mean effective skin 
thickness t*. 
 
 
Figure 6.3: Side view of hollow mound 3D model showing the grand mean effective skin 
thickness t* and the three conical frustums representing the Top1000, Mid500, and Bot500 
mound sections.  
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6.2.2 Boundary Conditions 
As shown in Figure 6.4, the computational domain is bounded by Top, Symm, 
Ground, Side, vin, and Outflow.  The boundaries Top, Symm, and Side were 
set to symmetry conditions.  For the Top and Side boundaries this boundary 
condition represents a slip wall simulating the open space surrounding the 
mound where no shear stress or normal velocities are experienced by the 
domain.  The Ground boundary was set to a no slip wall boundary.  The 
resistance to flow of Ground was determined using the wall function approach 
in Fluent where the magnitude is determined by the wall Roughness Height 
and Roughness Constant coefficients.  According to (Tieleman 2003) the 
Roughness Height for long grass and feather terrain ranges from 0.2 – 0.6 m.  
The intermediate value of 0.4 m was used for this parameter.  For a non-
uniform sand-grain boundary, Fluent Manual (2005) suggests the use of a 
Roughness Constant Cs value between 0.5 -1.0.  The intermediate value of 
0.75 was chosen for Cs. 
 
 
Figure 6.4: The computational domain and its boundary conditions showing the symmetry 
boundary and half the 3D hollow mound model.  
 
The boundaries vin and Outflow were set to velocity input and Outflow 
boundaries respectively.  Instead of assigning a uniform velocity input to vin, a 
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wind profile representing a typical wind flow in the Omatjenne Research 
Station was devised to ensure that the effect of the wind profile on the flow 
around and through the mound is included in the simulation.  The inlet velocity 
profile vin is based on the field wind velocity data that was recorded by Turner 
(1997) in the vicinity of a number of Macrotermes michaelseni mounds at the 
research station.  Each data set recorded the velocity at three different heights 
(0.5, 1.5, and 2.5 m) over the period of about one hour for each mound.  The 
velocity data set for one of the mounds that is shown in Table B.4 in Appendix 
B was analysed in order to generate the velocity input boundary condition for 
the CFD model.  The mean value for the velocity magnitude at each height, at 
prevailing wind direction of 310°-360°, was calculated and used to construct a 
parabolic approximation to the wind profile as illustrated by Equations 6.2 & 
6.3 and Figure 6.5.   
hhvin ⋅+⋅−= 773.1373.0 2  For: 0 ≤ h < 2.5             (6.2) 
32.2=inv    For: h ≥ 2.5                (6.3) 
To match the input velocity data to the field measured wind velocity in Turner 
(1997) that was only measured to the maximum height of 2.5m, the parabolic 
wind profile was restricted to the height of 2.5m (equation 6.2) and a uniform 
linear wind profile was assigned to the remaining height (equation 6.3) of the 
computational domain as shown in Figure 6.5.  Initial trials to run the 
simulation with vin boundary using Equation 6.2, without equation 6.3, 
generated high turbulence intensity above the height of 2.5 m which resulted 
in unstable simulation.  The velocity profile was assigned to vin by generating 
a user defined function UDF in Fluent which utilized Equation 6.2 to construct 
a custom input boundary condition into Fluent where vin is velocity in m/s and 
h is height in m.  The C++ code that was used to create the vin UDF function is 
shown in Appendix B.5. 
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Figure 6.5: Wind velocity profile of mean velocity values at heights of 0.5, 1.5, 2.5, 3, and 4 m 
adapted from wind velocity data in Turner (1997). 
 
6.2.3 CFD Model Inputs 
The flow was solved using the RNG k-ε turbulence model.  The turbulence 
intensity I was calculated using the field wind velocity recorded by Turner 
(1997) in the proximity of Macrotermes michaelseni mounds at the Omatjenne 
research station (Table B.4).  Turner recorded this data using a cup 
anemometer with 30 sec time intervals.  The turbulence intensity I was 
calculated as the ratio of wind velocity standard deviation and the mean 
velocity of the velocity data recorded in Table B.4.  The calculated turbulence 
intensity I for the vin boundary is 46.35%.  The high turbulence intensity could 
be attributed to the high variation in wind speed at the research station as 
shown in Table B.4.  The turbulence length scale l was calculated using 
Equation 6.4 to be 0.34 m, where a and b are the Box zone height and width 
of 4 and 6 m respectively. 
⎟⎠
⎞⎜⎝
⎛
+⋅= ba
bal ..207.0                 (6.4) 
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The governing equations were solved using Fluent’s segregated solver. 
Second order discretizaton schemes for the momentum, and turbulence 
kinetic energy and turbulence dissipation rate equations were used.  The 
employed pressure velocity coupling technique was SIMPLEC which is 
according to (Fluent 2005), improves convergence for problems with 
additional physical models like the porous media.  The pressure interpolation 
scheme used is PRESTO that is recommended by (Fluent 2005) for solving 
flow through porous media.  Convergence of the CFD simulation results was 
obtained when the residuals reached the value of 10-6.  
 
6.2.4 Meshing  
 
An unstructured tetrahedral mesh (Figure 6.6) was chosen to mesh the model 
was meshed in Gambit 2.3.16.  A hexahedral mesh requires both the bottom 
and top faces of a volume to have the same number of 2D quad elements, 
which results in the top and bottom faces of each conical frustum to have 
different mesh resolution.  In the case of the mound model the top face would 
have finer mesh than that of the bottom face.  As a result the tetrahedral mesh 
was adopted for the mound model to enure that the mesh resolution of the 
mound is uniform across its height.  
 
Figure 6.6: Unstructured tetrahedral Mesh 4 for the Core, Skin and Box zones of the CFD 
computational domain 
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The mesh element resolutions at the edges and boundaries of Skin, Core, and 
Box zones are listed in Table 6-4.  The finest resolution is used for the Skin 
zone due its small thickness of 20.43 mm.  Coarser resolution was assigned 
to the Core and Box zones to reduce the computational expense of the CFD 
model.   The finest resolution value for Core and Box zones represent the 
edges that are shared with the Skin zone whereas the coarsest resolution 
values are at the centre of the Core and at the outer boundaries of the Box 
zone for the Core and Box zones respectively (Table 6-4).  Four mesh 
resolutions were tested; Mesh 1, Mesh 2, Mesh 3, and Mesh 4 as listed in 
Table 6-4.  The above design of the skin resolution was made to capture the 
flow patterns around and through the mound skin with sufficient detail while 
requiring a reasonable computational expense. 
Table 6-4: Mesh element size for each of the computational domain zones and the total 
number of mesh elements.  
 
 Skin (mm) Core (mm) Box (mm) No elements 
Mesh 1 20 20-80 20-50 326k 
Mesh 2 20 20-40 20-25 620k 
Mesh 3 15 15-25 15-25 1087k 
Mesh 4 10 10-25 10-25 2,622k 
 
To test the difference between the results obtained by running the simulation 
for each mesh resolution, the external skin surface was divided into two 
halves.  One half was drawn on the upwind side of the skin surface, upwind 
half, and the other was on the downwind side, downwind half, where the 
lateral quadrant was divided between the two halves.  The mass flow rate 
through the upwind half was recorded for each of the four meshes and the 
percentage difference between that of Mesh 1& 2, Mesh 2 & 3, and Mesh 3 & 
4 was calculated to determine the mesh that produces the mesh independent 
results. 
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6.3 Results and Analysis of Flow Simulation around and through 3D 
Mound Skin Model 
 
6.3.1 Mesh Dependency Study 
 
The mesh dependence study was examined by running the simulation using 
the above boundary conditions and model inputs on each of the four mesh 
resolutions (Table 6-4).  The mass flow rate through the mound model upwind 
half for each mesh and the percentage difference between the meshes were 
recorded in Table 6-5.   
 
Table 6-5: Mass flow rate through the upwind half for each mesh and the percentage 
difference between that of Mesh 1 & 2, Mesh 2 & 3, and Mesh 3 & 4. 
 
 Mass flow rate (kg/s) % difference 
Mesh 1 2.43 x10-3 - 
Mesh 2 2.14 x10-3 13.31 
Mesh 3 2.03 x10-3 5.64 
Mesh 4 1.96 x10-3 3.57 
 
The percentage change keeps on reducing as the mesh resolution is refined.  
However, it was not possible to refine the mesh beyond Mesh 4 because the 
CFD workstation physical memory of 4GB was not enough for loading the 
CFD model with any further refined mesh resolutions.  Mesh 4 required about 
3.5 GB of memory and it needed five continuous weeks for the simulation to 
converge.  Since that Mesh 4 provided the least percentage change in the 
mass flow rate, it was chosen as the resolution of the meshing the mound skin 
3D model in this chapter. 
 
6.3.2 Skin 3D Model Simulation 
 
The simulation domain was sectioned into two vertical (Vert1-Vert2) and three 
horizontal planes (Horz1-Horz3) as shown in Figure 6.7.  Vert1 coincides with 
the x-z or symmetry plane and Vert2 coincides with the y-z plane through the 
centre of the 3D skin model.  Horz1 is located at 0.5m from base of mound 
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model where the top end of the Bot500 mound section, Horz2 is located at 1 
m where the top end of the Mid500 mound section and Horz3 was located at 
1.5 m in the middle of the Top1000 mound section.  For better representation 
of the simulated external and internal flow patterns, the axi-symmetric model 
was mirrored across the symmetry plane (Vert1).   
 
 
 
Figure 6.7: Five planes sectioning the symmetric computational domain, x-y plane, x-z plane, 
horz1-plane, horz2-plane, and horz3-plane where the model outer and inner flow visualised 
and velocities recorded  
 
External Flow  
 
Vert1 Plane 
 
The air flow in the symmetry plane Vert1 was shown in Figures 6.8 - 6.9.  The 
flow enters the mound in a direction perpendicular to the external skin surface 
which directs the flow downwards at the upwind quadrant due to the conical 
shape of the mound external skin surface.  On the downwind side, swirling 
flows are generated in the wake region near the external surface of the mound 
skin.  These eddy flows resulted in predominantly upward flow tangent to the 
external skin surface as shown in Figures 6.8 & 6.9.  The maximum upwind 
flow speed of 2.32 m/s was present above the Top1000 mound section 
(Figure 6.9).   
Vert1 
Horz3 
Horz2 
Horz1 
Vert2 
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Figure 6.8: Velocity vector diagram showing the flow of air surrounding the 3D model in the 
Vert1 plane. 
 
 
 
Figure 6.9: A close up on the velocity vector diagram showing air flow around the outer edges 
of the skin model. All dimensions are in m/s 
 
Horz1 Plane 
 
The maximum external velocity in Horz1 plane, which is 0.5 m above the 
model base is 1.5 m/s and occurred around the lateral quadrants (Figure 
6.10).  In Horz1 some of the flow can be seen to seep through the porous 
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mound skin into the mound while the rest of the flow is displaced around the 
mound periphery forming a boundary flow.  The boundary flow closer to the 
mound surface gradually decelerates until the velocity approaches zero at the 
separation point (Figure 6.10).  Here the flow splits away from the mound 
surface leaving behind the mound a turbulent wake flow.  Further downstream 
the remainder of the flow displaced by the two lateral quadrants comes 
together again.   
 
 
 
Figure 6.10: Velocity vector diagram of the external wind flow around the mound in the Horz1 
plane showing the flow separation at the lateral quadrants and the wake flow behind the 
downwind flow. All dimensions are in m/s 
 
Horz2 Plane 
 
The external flow in Horz2 plane (Figure 6.11) had a similar pattern to that of 
Horz1 Plane.  Because of the greater height of the Horz2 at 1.0 m the 
maximum speed at the lateral quadrants of 1.60 m/s was larger than that of 
the Horz1.  Consequently, the region of the turbulent wake flow is larger than 
that of Horz1 plane. 
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Figure 6.11: Velocity vector diagram showing the flow of air surrounding the 3D model in the 
Horz2 plane. All dimensions are in m/s 
   
 Horz3 Plane 
 
The external flow pattern in Horz3 plane (Figure 6.12) is similar to that of 
Horz1 and Horz2 planes; however, the maximum external speed of 2 m/s in 
the lateral quadrants is higher due to the location of Horz3 at 1.50 m above 
the model base.   
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Figure 6.12: Velocity vector diagram showing the flow of air surrounding the 3D model in the 
Horz3 plane. All dimensions are in m/s 
    
External Pressure Distribution     
 
Figure 6.13 shows the static pressure distribution on the external surface of 
the mound skin in side view on the upwind, lateral and downwind quadrants 
and in plan view looking downwards on the top of the spire.  As the upwind 
flow approaches the skin external surface on the leading side of the skin 
model, part of the flow stagnates against the skin surface since the high 
resistance generated by the porous skin only allows a small proportion of the 
oncoming flow.  This causes positive pressure on the upwind quadrant (Figure 
6.13 Upwind).  The maximum pressure on the mound external surface of 3.66 
Pa is located at the upwind quadrant facing the external wind direction due to 
the stagnation of flow at the symmetry line.  The lateral quadrants at the 
Top1000 mound section experienced the maximum suction pressure of -3.21 
Pa as shown in Figure 6.13 where the wind velocity near the mound surface is 
a maximum.  The turbulent wake flow (Figures 6.9 - 6.12) that resulted from 
the mound boundary layer separation reduces the external pressure 
producing a suction/drag force in the downwind quadrants. 
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Figure 6.13:  Pressure contours diagram showing the external static pressure on the upwind, 
lateral, and downwind quadrants. All pressure readings are in Pa    
 
In addition to the effect of the parabolic wind profile upstream of the mound 
(Figure 6.14), which results in a maximum external pressure difference at the 
mound top and lowest at the mound bottom, the conical shape of the mound 
induces variations of the static positive and suction pressures across its height 
as shown in Figure 6.7.  Each of three conical frustums (Top1000, Mid500, 
and Bot500) has a different vertex angle α where: 
 
αTop1000 < αMid500 < αBot500 
 
According to Okamoto et al. (1977), the suction/drag pressure, which is 
generated in the looping flow in the wake region, decreases as the vertex 
Upwind Lateral Downwind 
Top View 
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angle α increases.  Consequently, the pressure difference between the 
upwind, and lateral & downwind quadrants is higher at the mound Top1000 
than the Mid500 and Bot500 mound sections.  Moreover, Nakayama (1999) 
has indicated the drag coefficient of a cylinder that is at right angles to the flow 
is inversely proportional to the cylinder diameter.  Accordingly, as the diameter 
of a solid circular cylinder increases, the suction/drag force decreases for the 
same upwind uniform velocity and the same height.  This also means that the 
increasing diameter of the mound towards its base decreases the induced 
external pressure difference towards the bottom of the mound.   
 
 
 
Figure 6.14: Velocity vector diagram of a vertical line through the middle of the input boundary 
showing the wind profile at the input boundary which is parabolic until the height of 2.5m and 
linear from 2.6-4m (mound top - the top boundary of the computational domain.  All 
dimensions are in m/s 
 
The predicted pressure distribution on the mound external surface (Figure 
6.13) agrees with the field measurements of  Turner (2001).  He found that the 
external turbulent winds produce positive pressure on the upwind external 
surface and negative/suction pressure on the lateral and downwind sides of 
the mound resulting in bulk air moving into the mound from the upwind side 
and departing from the lateral and downwind sides.  He also noted the 
strongest suction pressure is present at the lateral quadrants causing the flow 
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to enter the mound from the upwind side and exit from the lateral and 
downwind surfaces of the mound.   
 
Internal Flow 
Vert1 Plane 
 
After leaving the internal surface of the mound skin at the upwind quadrant the 
inflow remains in the downward direction, however, the flow gradually 
changes its direction resulting in decreasing the downward angle of the flow.  
At a sufficient distance from the skin internal surface, the flow was vectored 
upwards with an increasing angle as it approaches the downwind quadrant as 
shown in Figure 6.15.  Upon reaching the downwind quadrant the flow was 
directed perpendicular to the internal skin surface in an upward direction due 
to the strong suction in the spire region on the downwind side where the wake 
region is formed. 
 
 
 
Figure 6.15: Velocity vector diagram showing the inner flow in the 3D skin model at the Vert1 
plane. For better representation of low speeds all dimensions are in mm/s 
 
The maximum velocity at the mound interior is 12 mm/s was present at the 
Top1000 mound section as shown in Figure 6.15.  The speed of flow entering 
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through the upwind side ranges from 3-10mm/s while the speed of flow 
departing the mound at the downwind side ranges from 0 - 4.8 mm/s at the 
model cap.  The simulation velocity readings inside the 3D model have the 
same order of magnitude as those of Loos (1964) who measured velocity of 
flow inside the Macrotermes natalensis termite mounds, a species that also 
builds enclosed mounds.  At 1m above the ground surface the external wind 
velocities ranged from 0 - 2.8 m/s.  The measured velocities at the centre of 
the mound in a cavity above the nest ranged from 5 - 8.3 mm/s which closely 
agrees with the simulation velocity reading of 5-6 mm/s at 1m from the model 
base (top of Mid500 mound section). 
 
Vert2 Plane 
 
The internal flow direction differs according to location in the mound as shown 
in Figure 6.16.  In the vicinity of the centre of mound section Bot500, the flow 
is predominantly perpendicular to Vert2 where the flow is yet to be directed 
upwards in the mound section Mid500 which can also be shown in Vert1 
(Figure 6.15).   
 
 
 
Figure 6.16: Velocity vector diagram showing the inner flow in the 3D skin model at the Vert2 
plane. For better representation of low velocity magnitudes, all dimensions are in mm/s.  
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Further from the model centre the flow moves towards the inner skin surface 
where it is angled perpendicular to the mound skin.  In the mound section 
Mid500 the flow is directed upwards near the model centre and the upward 
angle increases with height, however, further from the centre the flow is drawn 
towards the lateral quadrants until it becomes perpendicular to the internal 
skin surface.  Due to the smaller vertex angle of the mound model in the 
mound section Top1000 the flow is mainly directed towards the lateral sides 
with an upward angle.  The flow angles in the Mid500 and Top1000 mound 
sections resulted from the combined effect of the suction pressure at the 
lateral quadrants and the strong suction pressure present towards the top of 
the Top1000 mound section.  In the Bot500 and Mid500 mound sections the 
flow speeds range from 1.2 to 4.8 mm/s.  The speed increased from 4.80 to 
12 mm/s in the Top1000 mound section due to the high suction pressure at 
the lateral quadrants.  The flow leaves the mound external surface at speed 
that ranges from 1.20 to 7.80 mm/s from bottom to top.    
 
Horz1 Plane 
 
As shown in the Vert1 plane, after leaving the internal skin surface at the 
upwind mound side the flow was directed downwards.  The flow then was 
drawn towards the negative pressure in the downwind quadrant.  However, 
the visualized flow in Horz1 plane shows that the flow was also drawn to the 
lateral quadrants where the suction pressure (Figure 6.17a).  Figure 6.17 b 
and c show the flow angle in the mound cross section at Horz1.  Due to the 
conical shape of the mound the flow is directed downwards on the upwind 
side of the mound, however, due to the more dominant suction pressure that 
was present on most of the lateral quadrants and downwind quadrant, the flow 
was drawn towards these quadrants with an angle perpendicular to the 
internal surface of these quadrants.  The external flow in Vert1 (Figure 6.8 and 
6.9) does not show much downward flow because of the porous mound skin.  
The resistance to flow is so high in the porous skin that the flow seeks the 
path of least resistance.  This path involves the shortest passage length 
through the porous medium.  Therefore, the flow is perpendicular to the skin.  
The flow exits the mound from the lateral and downwind quadrants; however, 
 175
since the suction pressure is strongest at the lateral sides, the exit flow is 
biased towards these quadrants.  The remaining flow was drawn upwards to 
depart the mound at higher levels. 
 
 
Figure 6.17: a) Top view and two side views (b and c) of Horz1 plane showing the velocity 
vector diagram for the inner flow in the 3D skin model at Horz1 plane.  For better 
representation of low speeds all dimensions are in mm/s 
 
Horz2 Plane 
 
As shown in Figure 6.18 the flow enters the mound through the upwind side 
and leaves via the lateral and downwind quadrants with a bias towards the 
lateral quadrants with the maximum suction pressure.  The conical shape 
produces an ingress flow with downward direction; however, the downward 
angle is less steep than that of Horz1 plane due to the smaller vertex angle 
and the stronger suction pressure at the height of Horz2 plane.  The stronger 
a 
b c 
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suction pressure at the lateral and downwind quadrants and the smaller cross 
sectional area of the mound at this height result in the flow reverting to an 
upward angle soon after departing from the skin internal surface at the upwind 
quadrants as shown in the two side views in Figure 6.18.  The upward angle is 
steeper than that of Horz1 plane.  Most of the internal flow at Horz2 does not 
leave the mound at lateral or downwind quadrants at this level, but is drawn 
upwards because of the proximity to the high suction pressures at the 
Top1000 mound section.  The remaining flow exits the lateral and downwind 
quadrants at an angle perpendicular to the internal mound surface.  
 
Figure 6.18: a) Top view and two side views (b and c) of Horz2 plane showing the velocity 
vector diagram for the inner flow in the 3D skin model.  For better representation of low 
speeds all dimensions are in mm/s 
 
b 
a 
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Horz3 Plane 
 
The internal flow in Horz3 plane (Figure 6.19) was similar to that of Horz2 
plane.  The downward angle on the upwind side is less steep than at the 
Horz2 plane due to the proximity of Horz3 plane to the higher suction pressure 
at the mound top and to the smaller cross sectional area of the mound at 
Horz3 plane.  Closer to the mound skin at the lateral and downwind sides the 
flow is perpendicular to the internal skin surface.      
 
 
Figure 6.19: a) Top view and two sides views (b and c) of Horz3 plane showing the velocity 
vector diagram for the inner flow in the 3D skin model.  For better representation of low 
speeds all dimensions are in mm/s 
 
 178
6.4 Discussion and Conclusions 
 
The effect of the external mound skin conical shape and the turbulent wind 
profile upstream of the mound structure on the flow patterns in and out of the 
mound were investigated by means of CFD simulation.  The simulations were 
conducted on a 3D mound skin model based on the Macrotermes michaelseni 
mound skin structure and external topology.  In order to incorporate the flow 
resistance of closed egress channels on the air flow through mound skin 
without including its structure an effective skin thickness t* was devised so 
that the mound skin 3D CFD model is computationally feasible to the CFD 
workstation.       
 
The flow enters the mound at an angle which is perpendicular to the porous 
mound skin surface which is pointing downwards in this region as shown in 
Figures 6.15, 6.17, 6.18, and 6.19.  Suction pressure at the lateral and 
downwind quadrants, forces the flow to leave the mound interior in a region 
where the outward normal vector points upwards as shown in Figures 6.15, 
6.17, 6.18, and 6.19.  Thus, the conical shape of the mound skin and the high 
resistance of the porous material are responsible for directing the flow 
downwards into the mound and upwards out of the mound.   
 
The field wind data measured by Turner (1997) represent the actual wind 
profile in the proximity of Macrotermes michaelseni mounds.  It would have 
been ideal if this data was available from a fast response probe to measure 
turbulence more efficiently at ≤ 1 sec time intervals.  However, a transient 
CFD simulation would have been required to capture such high turbulence 
levels that include the effect of changing wind direction.  As indicated by the 
modelling assumptions in the beginning of this chapter, this simulation is 
assumed to be steady-state because transient simulation requires higher 
computational power than what is available for this work and because this 
assumption is suitable for making a first attempt at understanding the affect of 
the parabolic wind profile and the mound conical shape on the flow patterns 
through and around the mound skin at snap shot of time.  The combined 
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effect of the parabolic wind profile and the conical shape of the mound caused 
the mound top to experience higher positive and suction pressures when 
compared to the mound base.  As a result the flow enters the mound top from 
the upwind direction with a higher velocity than lower in the mound which 
might drive the flow deeper inside the mound making the mound spire the 
main source of fresh air to the mound interior.  The upward flow inside the 
mound helps drawing the stale air with high concentration of metabolic 
products such as CO2 and H2O from the lower mound levels to the mound top 
where suction pressure is stronger.  It is also noted that the flow enters the 
mound at a speed higher than the speed of the departing flow as is evident in 
Figures 6.15, 6.17, 6.18, and 6.19.  This can be attributed to the smaller cross 
sectional area (upwind quadrant) through which the flow enters the mound 
compared to the larger cross sectional area at the downwind and lateral 
quadrants through which the flow departs.               
 
 
The introduction of an internal structure inside the mound 3D model would 
affect the details of the flow pattern inside the mound.  The upwind surface 
conduits would receive a descending flow would help direct fresh air towards 
the nest.  The suction pressure acting on surface conduits on the lateral and 
downwind sides would promote updrafts of stale air.  The surface conduits are 
a strongly interconnected so it is likely that part of the inflow from the upwind 
side would directly move to the surface conduits in the lateral quadrants in 
response to strong suction pressure.   
 
The simulated flow around and through the porous mound skin had the 
following characteristics:  
The air flow enters from the upwind side of the mound and exits from 
downwind and lateral sides.  The surface area through which air departs from 
the mound is significantly larger than that through which the air enters the 
mound.  Consequently, the velocity of flow entering the mound is generally 
higher than the velocity of air leaving the mound. 
• The inflow entered the mound interior with a non-uniform velocity from the 
model top to bottom.  The flow with the highest velocity magnitude of 12 
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mm/s entered the mound from the upwind quadrants at the top of the 
Top1000 mound section where the strongest pressure gradient.  The 
lowest velocity magnitude of about 3 mm/s occurred at the Bot500 mound 
section with the smallest pressure difference.   
• On the upwind side, the flow enters the mound at right angle to the 
external skin surface across the height of the mound due to the high 
resistance of the mound skin which forces the flow to seek the path of 
least resistance.  Since that the external mound skin has a conical shape 
the flow enters the mound with a downward angle.   
• The flow leaves the mound interior from the lateral and downwind 
quadrants perpendicular to the skin internal surface resulting in the flow 
leaving the mound with an upward angle due to the conical shape of the 
mound skin.  The flow leaves the lateral sides with a higher velocity than 
the downwind quadrant due to the stronger suction pressure at the lateral 
quadrants. 
• Due to the stronger suction pressure at the Top1000 mound section part of 
the flow entering the mound at the Bot500 and Mid500 mound sections 
was drawn upwards to exit the mound at the Top1000 mound section.        
• The simulation internal flow velocities correspond in order of magnitude 
with the field measurements of velocities inside the enclosed Macrotermes 
natalensis mounds in (Loos 1964) with external wind velocities ranging 
from 0 - 2.8 m/s which in turn correspond to the simulation wind velocity of 
2.09 m/s at the mound top.    
• The simulation results correspond with the following findings in (Turner 
2001): 
o The top upwind side of the mound experiences the highest positive 
pressure 
o The bottom upwind side experiences a lower but positive pressure 
o The downwind top and bottom sides of the mound experience negative 
(suction) pressure. However, the lateral sides experience stronger 
suction than the downwind sides. 
o Internal flow in the mound migrates to the lateral and downwind surface 
of the mound. 
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The 3D CFD modelling of flow through and around the porous Macrotermes 
michaelseni mound skin in Fluent was successfully conducted in this chapter.  
It discovered the external and internal flow patterns as a result of the 
interaction of the mound conical shape and the ambient turbulent winds.  
However, the results of the CFD simulation are to be validated for it to be 
credible.  This will be achieved by conducting a wind tunnel experiment on a 
conical geometry with a porous skin and then conducting a CFD simulation of 
the wind tunnel experiment model in chapter 7 using Fluent.  
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7 Validation of CFD Simulation for flow around and 
through a conical structure with porous walls 
 
 
The method used to conduct the CFD simulation in Chapter 6 for the air flow 
around and through the porous skin of the Macrotermes michaelseni mound 
model is validated in this chapter.  The validation is obtained by comparing the 
results of a wind tunnel experiment of flow around and through the porous 
skin of a conical frustum with the results of the CFD simulation of an identical 
model in Fluent.  The chapter is divided into two sections. In the first section 
the wind tunnel experimental setup and the conical frustum design and 
fabrication are presented.  The CFD simulation of the wind tunnel experiment 
is presented in the second section where the wind tunnel and CFD simulation 
results are compared to establish the validity of using Fluent 6.3.26 to 
simulate the air flow around and through the porous walls of conical structure.  
 
7.1 Wind Tunnel Experiment 
 
In the previous chapter the flow around the external mound shape and into its 
hollow interior was simulated.  The effect of the porous mound skin conical 
shape and the upstream turbulent wind profile on the flow patterns around 
and through the mound skin was identified by means of CFD simulation.  
However, the CFD simulation results are to be validated for it to be accepted.  
Model validation is vitally important in establishing the credibility of CFD 
models (Chan and Stevens 2001).  The validation can be achieved by placing 
a physical model that is identical to the CFD model in a wind tunnel where the 
boundary and operating conditions are matched to that of the CFD 
computational domain.  Then the experimental measurements of flow 
variables, like velocity and pressure, are compared to the corresponding 
simulation flow variables.  Wind tunnel experiments are widely used in 
validating CFD simulations.  Jiang et al. (2004) used a wind tunnel experiment 
to validate the CFD simulation of wind-driven natural ventilation in a building 
by conducting a wind tunnel experiment on a scaled model of the building.  Fu 
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et al.(2006) investigated the appropriateness of the CFD simulation on 
predicting wind loads on tall buildings by comparing the CFD data with wind 
tunnel test data.  Blocken et al (2007) performed wind tunnel tests to validate 
the CFD simulation of the wind speed conditions in passages between parallel 
buildings.  Santiago et al (2007) used wind tunnel experiments to validate the 
simulation of pollutant dispersion around buildings in cities  A wind tunnel that 
can accommodate the actual scale of the mound CFD model was not 
available.  Therefore, the wind tunnel experiment was conducted on small-
scale physical model of a simplified conical shape and porous skin that could 
be placed in the working area of the selected wind tunnel.  The velocity and 
pressure readings at various points inside and outside the physical model 
were recorded in this section.  These readings were then compared to the 
corresponding CFD simulation results. 
 
The wind tunnel experiment was conducted in the Open Jet wind tunnel 
(Figure 7.1) located in the Automotive and Aeronautical Engineering 
Department in Loughborough University.  Open jet wind tunnels are used for 
flow and turbulence simulation studies.  The dimensions of the working area 
of the wind tunnel were 1550 x 1070 x 670 mm and air is drawn through it at 
speeds of up to 50 m/s.  
 
 
 
Figure 7.1: Open Jet Wind Tunnel with a wooden platform placed in the working area.  The 
wind tunnel is located in the Automotive and Aeronautical Engineering Department in 
Loughborough University 
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The wind tunnel physical model was designed according to the following 
criteria  
• A conical shape similar to the mound model in chapter 6. 
• Skin thickness of 20.5 mm so that it is equal to that of the mound model in 
chapter 6.  
• Skin permeability similar to that of the mound model in chapter 6. 
 
7.1.1 Wind Tunnel Model Design and Fabrication 
 
According to the above criteria, the wind tunnel model was designed to have 
the conical frustum shape.  The dimensions of the model were restricted by 
that of the wind tunnel.  To avoid excessive blockage, the model was 
designed so that its cross sectional area was about 5% of the wind tunnel 
working area cross section that is perpendicular to the flow direction.  
Consequently, the CFD simulation of flow around the model was minimally 
affected by the presence of the boundaries of the working area.  The model 
was designed to have a porous skin with a core having five channels to 
support the weight of the skin structure (Figure 7.2a).  The skin structure was 
made of two main sections (Figure 7.2b); the skin inner and outer faces 
represented by the two conical frustums made of helical solid tubing that will 
be covered by gauze.  The inner cone structure was supported by a solid core 
which was designed with four quadrantal cavities and a central channel to 
simulate the surface conduits and chimney structure of the Macrotermes 
michaelseni mound and to minimise the material to be used in the fabrication 
of the model.  Three pressure tappings were designed in the solid core to 
measure the internal static pressure in one of the quadrantal cavities past the 
porous skin (Figure 7.2c).   
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. 
Figure 7.2: Conical frustum CAD model designed in Rhinoceros 3.0 to be placed in the wind 
tunnel. a) represents the assembled model from the two conical frustums representing the 
two layers of the skin shown in (b) and the solid core that was designed to support the weight 
of the porous skin with glass beads and for placing pressure tappings shown in (c).  All 
dimensions are in mm 
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The base of the solid core was designed with a 10 mm thick base flange 
where the model was screwed (Figure 7.3) to a wooden platform in the wind 
tunnel working area.  Two concentric grooves were designed on the top side 
of the model base flange to provide accurate location where the skin inner and 
outer faces (Figure 7.2c).  The gap between the inner and outer skin faces 
was chosen to be equal to the effective skin thickness of 20.5mm produced 
for the mound model in Chapter 6.  It was filled with glass beads to model the 
porous mound skin using the method described in the following section.                 
 
 
Figure 7.3: Bottom view of the base flange showing the bottom end of the pressure tappings 
where the ø8 mm flexible tubing was attached. 
 
The 3D CAD model (Figure 7.2) of the wind tunnel model was designed in 
Rhinoceros 3.0. The CAD model was transformed to an STL file so that it 
could be fabricated using the Selective Laser Sintering SLS Rapid prototyping 
machine.  This allowed the accurate fabrication of the designed model without 
the need for further machining processes minimising the fault tolerances in the 
finished physical model.  It was also not feasible to use different 
manufacturing technologies to design the helical solid tubing (Figure 7.2b) 
with the same degree of accuracy or cost when, for example, compared to the 
use of steel tubing instead.  MAGICS12 was used to prepare the STL file for 
loading in the SLS machine ready for fabrication.  The model parts (Figure 
Quadrantal cavity 
Bottom end of 
pressure tappings 
Hole designed for 
ø5mm screw  
 187
7.2) were fabricated using the Duraform Polyamide (Nylon Based polymer) 
powder. 
 
Since that the model was to be mounted onto a rotary platform, the pressure 
tappings were placed on one of the four quadrantal cavities in the solid core at 
heights of 10, 90, and 170 mm from the base flange.  Rotation of the platform 
enabled measurement of internal pressure distribution at four different 
identical angular positions: upwind and downwind facing as well as two lateral 
directions (Figure 7.4).  Each of the pressure tappings was ø2.5mm and runs 
to the base of the model where they were enlarged to ø8 mm towards the 
model base as shown in Figure 7.3 to connect to flexible tubing that was 
attached to a pressure transducer      
  
 
 
Figure 7.4: Physical model base orientation at the four directions of upwind, Lateral 1, 
Downwind, and Lateral 2 to measure the static pressure and velocity at each of these 
orientations 
 
Conical Frustum Skin 
 
The inner conical frustum comprising the inner skin face was fabricated so 
that it was attached to the solid core providing sufficient support and rigidity to 
the inner skin face.  The outer face, which was fabricated separately, was 
reinforced by two ø1.1 mm copper rods to improve its rigidity as shown in 
Figure 7.5.  The inner and outer faces of the model skin were wrapped with a 
gauze material to hold the glass beads in the 20.5 mm gap.  One key criteria 
of the wrapping material was high permeability to air flow so that it does not 
Upwind Lateral 1 Downwind Lateral 2
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generate substantial resistance to flow.  Three materials were considered for 
this application, metal wire mesh, filter paper and synthetic curtain gauze.  
Synthetic gauze was chosen due to its high permeability and low cost.  The 
gauze was tailored to correctly fit the inner and outer cones. At the inner skin 
face opposite to each of the four quadrantal cavities, the wrapped gauze was 
reinforced with three ø0.20 mm steel rods to support the weight of glass 
beads filling the gap and stop deformation of the inner face.  On the outer 
face, the tailored gauze was attached to the helical structure and the 
supporting copper rods using knotted threads as shown in Figure 7.5.  The 
tailored gauze material on the inner and outer faces was fixed to the base 
flange using silicone binder.   
 
 
 
Figure 7.5: Wind tunnel model partially filled with the glass beads showing the knots 
generated on outer skin face gauze to reinforce it against the glass bead weight. 
 
Guyson Honite 8 glass bead spheres were used to fill the gap between the 
skin two faces.  The gap between the two faces was gradually filled with glass 
beads as shown in Figure 7.6.  The model was gently shaken laterally 
between fills to insure that the glass beads were compacted.  After completing 
the filling operation the top of the model was sealed with a cap that was 
fabricated with the model using silicone binder. 
 
Copper Rod 
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Knots 
Glass 
Beads 
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Figure 7.6: Filling the gap between the skin inner and outer faces with Guyson Honite 8 glass 
beads. 
 
Porosity and Permeability of Skin 
 
The diameter of the glass beads in the Honite 8 grade ranged from 0.425 – 
0.60 mm which was suitable for achieving a porosity and permeability values 
similar to that of the mound skin as shown below.  The porosity of the conical 
frustum skin, filled with Guyson Honite 8 glass beads, was obtained using the 
following equation (7.1): 
 
bead
bulk
ρ
ρφ −= 1                        (7.1) 
 
Where ρbulk is the density of the collective mass of glass beads and ρbead is 
the density of each glass bead.  The bulk density ρbulk was obtained by 
weighing the mass of compacted glass beads in a cylindrical enclosure 
(Figure 7.7) with known volume.  The height of the cylinder was equal to 20.5 
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mm to match the thickness of the model skin.  The calculated ρbulk was 1533.1 
kg/m3 and ρbead was 4562.81 kg/m3 (Anon 2008a).  Substituting the above 
density values in equation 7.1 produced a porosity of 0.664 which is close to 
the measured mound skin porosity value of 0.6.        
 
The custom made permeability apparatus used in Chapter 4 (Figure 7.7), was 
used to measure the permeability of the model skin.  
 
 
 
Figure 7.7: Apparatus for permeability of glass beads measurement. (1) inlet pipe, (2) outlet 
pipe, (3) pressure measurement ports, (4) velocity measurement port and (5) anemometer. 
 
The permeability apparatus was modified so that the cylinder and flange 
assembly (Figure 7.8) could be fitted between the inlet and output pipes.  A 
cylinder flange assembly was developed to contain beads so that its 
permeability can be measured.  The length/height of the cylinder is equal to 
the model skin thickness of 20.5 mm.  The gauze that was used and tailored 
for the model skin faces was used to keep the beads in the cylinder.  The 
gauze was placed to the end of each flange as shown in Figure 7.9a, where 
the cylinder rested, by means of a washer and silicone binder.  The glass 
beads where then filled in one half of the cylinder flange assembly as shown 
in Figure 7.9b and then the other half was carefully screwed to first half using 
the three screws shown in Figure 7.8.           
 
To determine the porous flow regime within the model skin, the pressure-flow 
characteristics of the compacted glass beads in the cylinder flange assembly 
(1) 
(3)
(2)
(5)
(4)
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was tested under 32 different pressure differences ranging from 100 - 1700 
Pa in increments of 50 Pa, air temperature of 20°C.  The pressure difference 
readings were plotted against the corresponding superficial velocity readings 
in Figure 7.10. 
 
 
 
Figure 7.8: cylinder and two flanges assembly for holding glass beads. (1) Metallic cylinder, 
(2) Flanges and (3) Fixing screw. 
 
 
 
Figure 7.9: a) Synthetic gauze used to contain the glass beads at one end. Metallic washer 
was used to attach the gauze using silicone binder. b) Glass beads filled inside one half of the 
cylinder flange assembly. 
 
(2)
(1)
(3)
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Figure 7.10: The pressure gradient against the superficial velocity for glass bead sample 
enclosed in the cylinder flange assembly. 
 
Figure 7.10 was divided into two zones a linear / Darcy zone and a non-linear 
/ Darcy + Forchheimer zone.  In the Darcy zone the trend of the relationship 
between pressure and velocity is linear, however, beyond pressure value of 
about 650 Pa the relationship has started to transform into non-linear.  Since 
that the maximum dynamic pressure generated in the wind tunnel was around 
30 Pa (for 7 m/s wind speed) it was unnecessary to carry the Forchheimer 
term.  The data plotted in Figure 7.10 was used to generate the average 
permeability figure for the compacted glass beads to be 1.07 x 10-10 m2 which 
has the same order of magnitude to that of the mound material of 5.79 x 10-10 
m2 measured in Chapter 4, Section 4.4.2 (page 115).  The degree of similarity 
is sufficient for this study since that it aims to validate the flow through and 
around a conical structure with a porous material of a Darcy flow characteristic 
as the case in the flow through and around the mound material.  
 
7.1.2 Wind Tunnel Experimental Procedure 
 
Wind Tunnel Setup   
 
The model was mounted on a wooden box which was designed to fit inside a 
circular disk within the wind tunnel wooden platform as shown in Figure 7.11a.   
The wooden platform (Figure 7.11b) was mounted in the working area of the 
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wind tunnel as shown in Figure 7.11c.  The arrangement allowed the circular 
disk to be rotated so that the internal pressure at the three pressure tapping 
can be measured at the upwind, downwind and lateral sides of the model. 
   
 
 
Figure 7.11: Physical Model arrangement in Wind Tunnel. a) Wind tunnel model fitted on top 
of a wooden box that was attached to a wooden circular disk. b) Wooden platform fitted in the 
wind tunnel working area. c)  Physical model placed in the wind tunnel working area ready for 
wind tunnel experiment 
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Velocity and Pressure Measurement 
 
Three wind tunnel experiments designated as Experiment 1, 2 and 3 were 
conducted at 2.5, 5, and 7 m/s wind tunnel velocities respectively.  The 
velocity profile was inspected by measuring the flow velocity at different 
heights at the inlet of the working area using a pitot-static tube.  It was found 
that the velocity profile was almost uniform, with a maximum percentage 
change of velocity across the conical frustum height (270mm) of 5%. 
 
In each of the experiments the internal static pressure (IP) was measured at 
the three pressure tappings, shown in Figure 7.2c, located at heights of 10, 
90, and 170 mm from the physical model base (IP10, IP 90, and IP 170).  The 
external static pressures (SP) were measured at heights of 10, 90, 170, and 
260 mm (SP10, SP90, SP170, and SP260) (Figure 7.12) from the top of the 
base flange of the model.   
 
Figure 7.12: External surface static pressure SP and external velocity EV measurement 
locations. All dimensions are in mm. 
 
Running tubes to pressure tappings in the model skin was not feasible since 
installation would have risked damaging the delicate tailored gauze outer 
layer.  Instead an external static pressure measurement was made using a 
SP260 
SP170 
SP90 
SP10 
EV10 
EV90 
EV170 
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custom made probe (Figure 7.13) was used by placing it flush on the model’s 
external surface.  The custom made probe was made 20 mm long and ø5mm 
rigid plastic tube with a ø1mm hole that was created on one side of the pipe.  
One end of the probe was blocked and the other end was connected to 
flexible polymer tubing that led to the pocket manometer.  The flexible tubing 
was reinforced with a 310mm long metal rod to remotely control the 
orientation of the probe whilst positioning the ø1mm hole as close as possible 
to the model external surface.  The FCO10 Furness Controls Pocket 
Manometer (±1% accuracy) was used to measure the gauge pressure by 
connecting the positive port to the measuring location and the negative port to 
the atmospheric pressure.   
 
 
 
Figure 7.13: Custom made pressure probe placed on the external surface of the physical 
model oriented in the upwind direction. 
 
The external flow velocities (EV) were measured at points EV10, EV90, 
EV170, and EV260 at a distance of 25 mm from the model external surface at 
heights that correspond to those of the external pressure points as shown in 
Figure 7.12.  The velocity was measured using the Veloport 20 hot film 
anemometer (HFA) coupled with the 0-20 m/s probe (±0.04m/s accuracy) as 
External 
Pressure Probe 
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shown in Figure 7.14.  The Veloport 20 probe was attached to a stand to keep 
the HFA pointing directly in the direction of the flow (Figure 7.14).  
 
 
 
Figure 7.14: Velaport 20 HFA that was used to measure external velocities at distance of 25 
mm away from the model external surface. 
 
At each of the three experiments the external surface pressures (SP) and 
velocity (EV) were measured as well as the internal pressures (IP) in the 
upwind, downwind, and the two lateral directions.  The latter was 
accomplished by rotating the model in four increments of 90° each as shown 
in Figure 7.4 so that internal pressure (IP) tappings were oriented at the lateral 
and downwind sides of the model.   
 
7.1.3 Wind Tunnel Experiment Results 
 
The static pressure at locations SP10, SP90, SP170, and SP260 was 
recorded in  
Table 7-1.  The static pressure at the upwind side of the model is always 
positive due to partial stagnation of flow on this side.  As expected from 
symmetry of the model and the flow, the pressure measurements at lateral 1 
and lateral 2 are almost equal.  The static pressure readings decrease with 
increasing height in the upwind quadrant.  On the lateral quadrants, and 
locations SP90 - SP170 on the downwind quadrant the pressure decreases 
with increasing height.  The static pressure profile on the four quadrants is a 
result of the interaction between the flow and the conical shape.  At location 
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SP260 the positive pressure, at Upwind, and suction pressure, at Downwind 
and Laterals 1 & 2, are lower than the pressure measurements at SP170 
which can be attributed to the higher velocity near the top of the physical 
model.  This can also be attributed to the sharp edges at the cone top which 
creates high levels of turbulence.  The generated turbulence was detected 
visually by placing a small probe with ribbons in the flow near the cone top.  
 
Table 7-1: External static pressure at the Upwind, downwind, and lateral quadrants of the 
physical model at locations SP10, SP90, SP170, and SP260. All pressures are gauge 
pressures in Pa. 
 
 2.5 (m/s) 5 (m/s) 7 (m/s) 
 SP10 SP90 SP170 SP260 SP10 SP90 SP170 SP260 SP10 SP90 SP170 SP260 
Upwind 3.60 3.0 2.1 1.8 12.10 9.40 7.10 2.20 28 19 12 0 
Downwind -1.6 -2 -2.2 -1.8 -6.40 -8.20 -9.00 -7.80 -14 -16 -20 -16 
Lateral 1 -1.6 -1.7 -2 -2.2 -7.40 -7.30 -7.60 -12.80 -17 -14 -17 -17 
Lateral 2 -1.7 -1.6 -2 -1.6 -7.20 -7.30 -7.60 -12.00 -18 -15 -17 -17 
 
The internal static pressure at locations IP10, IP90, and IP170 at the upwind, 
downwind and lateral quadrants was recorded in  
Table 7-2.  It is noticed that the pressure is negative throughout the mound 
interior which is attributed to the larger external surface area (downwind and 
lateral quadrants) of the mound with suction pressure (see  
Table 7-1). The internal static pressure readings do not change with height in 
the four quadrants.   
 
Table 7-2: Internal static pressures at the upwind, downwind, and lateral quadrants of the 
physical model at locations IP10, IP90, and IP170. All pressures are gauge pressures in Pa. 
 
 2.5 (m/s) 5 (m/s) 7 (m/s) 
 IP10 IP90 IP170 IP90 IP170 IP170 IP10 IP90 IP170
Upwind -0.60 -0.60 -0.60 -2.20 -2.20 -2.20 -4.50 -4.50 -4.50 
Downwind -0.40 -0.40 -0.40 -1.80 -1.80 -1.80 -3.50 -3.50 -3.50 
Lateral 1 -0.50 -0.60 -0.60 -2.50 -2.50 -2.50 -5.00 -5.00 -5.00 
Lateral 2 -0.60 -0.60 -0.60 -2.60 -2.50 -2.50 -5.00 -5.00 -5.00 
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To examine the consistency/similarity between experimental and simulation 
measurements for the internal and external pressure readings, all of which are 
characterised by small values, and small differences between the three 
experiments, the external and internal pressure coefficients Cps and Cpi were 
calculated according to Equations (7.2) and (7.3): 
 
2
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Where Pex and Pin are the static external and internal gauge pressure 
readings and vw is the wind tunnel input velocity.  The pressure coefficients for 
the external Cps and internal CpI static pressures were recorded in Table 7-3 
and Table 7-3 respectively.  One lateral quadrant was included in Table 7-3 
and Table 7-4 due to the high degree of consistency in the pressure 
measurements for the two lateral quadrants.  The external pressure 
coefficients Cps in the lateral and downwind directions, a well as the internal 
pressure coefficients Cpi were largely very consistent across the range of 
locations and flow velocities.  The Cps values near the top of the mound model 
at point SP260 across the four quadrants are somewhat less consistent when 
compared to the lower points.  This is due to the proximity of this point to the 
conical frustum cap which generates higher turbulence in the adjacent flow.  
The values of Cps for the upwind quadrant were somewhat less consistent 
which is probably attributable to the measuring technique using the custom-
made pressure probe.  This captures a component of the dynamic pressure, 
which is sensitively dependent on its orientation with respect to the flow giving 
rise to the inconsistency of the upwind Cps values.  The consistency of the 
majority of the CpI values confirms the satisfactory design of the experiment 
and accuracy of the corresponding individual measurements in Tables 7-1 
and 7-2.  
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Table 7-3: pressure coefficient Cps for the external static pressure at points SP10- 260 for the 
three wind tunnel speeds. 
 
 Upwind Lateral Downwind 
 2.5 5 7 2.5 5 7 2.5 5 7 
CpS10 0.94 0.79 0.93 -0.44 -0.48 -0.58 -0.42 -0.41 -0.46 
CpS90 0.78 0.61 0.63 -0.41 -0.47 -0.48 -0.52 -0.53 -0.53 
CpS170 0.54 0.46 0.40 -0.49 -0.49 -0.56 -0.57 -0.58 -0.66 
CpS260 0.47 0.14 0.00 -0.52 -0.83 -0.56 -0.47 -0.51 -0.53 
 
 
Table 7-4: Pressure coefficient CpI for the internal static pressure at points IP10-170 for the 
three wind tunnel speeds. 
 
 
Upwind Lateral Downwind 
2.5 5 7 2.5 5 7 2.5 5 7 
CpI10 -0.13 -0.14 -0.15 -0.13 -0.16 -0.17 -0.10 -0.14 -0.12 
CpI90 -0.13 -0.14 -0.15 -0.13 -0.16 -0.17 -0.10 -0.14 -0.12 
CpI170 -0.13 -0.14 -0.15 -0.13 -0.16 -0.17 -0.10 -0.14 -0.12 
 
The external velocity readings of locations EV10, EV90, EV170, and EV260 
were recorded in Table 7-5.  To test the consistency of the external velocity 
readings across the range of wind tunnel velocities, the velocity readings were 
normalised according to equation (7.4) and recorded in Table 7-6.. 
  
 
w
N v
EVv =                   (7.4) 
 
Table 7-5: External velocity at the upwind, downwind, and lateral quadrants of the physical 
model at locations EV10, EV90, EV170, and EV260. All dimensions are in m/s 
 
 2.5 m/s 5 m/s 7 m/s 
 EV10 EV90 EV170 EV260 EV10 EV90 EV170 EV260 EV10 EV90 EV170 EV260 
Upwind 1.18 1.34 1.65 1.95 2.25 2.62 3.14 3.92 3.47 3.67 4.24 5.25 
Downwind 0.27 0.31 0.29 0.25 0.55 0.59 0.66 0.55 0.94 0.99 0.88 0.91 
Lateral 1 2.90 2.87 2.87 2.80 5.86 5.65 5.66 5.65 8.40 7.80 7.90 7.90 
Lateral 2 2.90 2.88 2.90 2.88 5.85 5.50 5.63 5.58 8.55 7.87 7.70 7.90 
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Table 7-6: Normalized external velocity at the Upwind, downwind, and lateral quadrants at 
locations EV10, EV90, EV170, and EV260 for three wind tunnel speeds. 
 
 2.5 m/s 5 m/s 7 m/s 
 v10N v90N v170N v260N v10N v90N v170N v260N v10N v90N v170N v260N 
Upwind 0.47 0.54 0.66 0.78 0.45 0.52 0.63 0.78 0.49 0.52 0.61 0.75 
Downwind 0.11 0.12 0.12 0.10 0.11 0.12 0.13 0.11 0.13 0.14 0.13 0.13 
Lateral 1 1.16 1.15 1.15 1.12 1.17 1.13 1.13 1.13 1.20 1.11 1.13 1.13 
Lateral 2 1.16 1.15 1.16 1.15 1.17 1.10 1.13 1.12 1.22 1.12 1.10 1.13 
 
As shown in Table 7-5, at the upwind quadrant the velocity was reduced by 
about 30% from the wind tunnel velocity as the flow approaches the 
stagnation zone on the model.  The maximum upwind velocity is located at 
EV260 point due to its proximity to the unobstructed air flow above the conical 
frustum and the due to the deflected flow from the upwind surface to the 
model top.  The velocity readings in the lateral quadrants were almost 
identical confirming that the flow had a high degree of symmetry.  The 
maximum velocity was found at the lateral quadrants where the velocity was 
increased by about 15%.  The higher speeds at the lateral quadrants explain 
the maximum external, and accordingly the internal, negative pressure found 
in the lateral quadrants as indicated by Table 7-2 The minimum velocity was 
located at the downwind quadrant due to the flow obstruction generated by 
the model.  In Table 7-6, the normalised velocity values show a high degree of 
consistency across the three wind tunnel velocities at the upwind downwind 
and the two lateral model sides.  The normalised velocity on the upwind side 
does not vary with the wind tunnel velocity, which suggests that the 
inconsistencies in the upwind external static pressure measurements can not 
be due to changes in the local flow environment, but would be associated with 
the custom probe design.      
 
The high degree of consistency in most internal and external pressure 
coefficients and the values of the normalised external velocity readings across 
the range of wind tunnel velocities and at most locations provide sufficient 
confidence in the experimental methodology.  Hence the wind tunnel results 
can be used to validate the CFD and any velocity can be assigned to the 
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external flow speed for the CFD model in the following section.  It was decided 
to conduct one CFD simulation experiment using the intermediate wind 
velocity of 5 m/s.  Given the reservations expressed above the validation of 
the upstream external pressure must be carried out with caution.   
 
7.2 CFD Simulation of Wind Tunnel Experiment 
 
The boundary conditions of the CFD simulation were matched the operating 
conditions of experiments 2 (wind tunnel velocity of 5 m/s).  A geometrical 
model representing the conical frustum fabricated in the previous section and 
the wind tunnel working area was generated to compare the CFD simulation 
results with the wind tunnel experimental data.  The comparison of the internal 
and external pressure, and external velocity would validate the modelling 
process by simulating the flow around and through the porous skin of a 
conical shape.   
 
7.2.1 CFD Modelling Method 
 
CFD Model Geometry 
 
The conical frustum model and working area geometries which represents the 
computational domain were created in Rhinoceros 3.0 and meshed in the 
Fluent’s pre-processor Gambit 2.3.16.  The computational domain was divided 
into four zones: Solid Core (Score), Internal Air (Iair), Skin, and Working area 
(Warea) as shown in Figure 7.15.  Score was set to a solid zone representing the 
solid core that was created to support the skin structure and provide for 
pressure tappings ducting.  Iair represented the four quadrantal cavities and 
the central channel where air was the working fluid.  Score and Iair were 
surrounded by Skin which was a porous zone.  The conical frustum that is 
composed of the Score, Iair, and Skin zones was placed in Warea which was a 
fluid zone representing the working area of the wind tunnel.  Warea was 
designed according to the wind tunnel working area having the dimensions of 
1550 x 670 x 1070 mm (L x H x W).  The dimensions of the Skin and Score 
were identical to those of the physical model shown in Figure 7.2 
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Figure 7.15: Cross section in the centre of the computational domain showing the four zones 
comprising the CFD model 
 
Boundary Conditions 
 
The boundary conditions used for the computational domain are shown in 
Figure 7.16.  Since the velocity profile in the wind tunnel input is almost 
uniform, a constant velocity value of 5 m/s was used as the velocity input 
boundary.  The Symmetry boundary was used for the two lateral sides and top 
of the computational domain to represent open space surrounding the 
physical model and allow slip flow on these boundaries.  Closer to the edges 
of the computational domain small normal velocities might be experienced by 
the domain due to the nature of the open jet wind tunnel but the effect of 
these velocities is negligible because the conical frustum has a blockage of 
about 5% of the wind tunnel working area cross section.  The flow is thus 
contained within a duct which aids computational stability when compared 
with constant pressure boundaries.  The bottom face of the domain 
representing the wooden platform and the circular disk, and the four box sides 
below the conical frustum were treated as no slip wall boundaries.  An outflow 
boundary was assigned to the outlet of the computational domain as there is 
no backflow experienced by the wind tunnel exit and hence, the pressure and 
velocity gradients in the flow direction will be small at this boundary. 
 
Skin
Iair 
Score 
Flow direction Warea 
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Figure 7.16: Computational domain highlighting the boundary conditions. 
 
Meshing 
 
The CFD model was meshed in Gambit 2.3.16 using the unstructured 
tetrahedral mesh shown in Figures 7.17 - 7.19.  The mesh resolution at the 
edges and boundaries of Skin, Iair, and Score zones is double that of the 
boundaries and edges of Warea zone.  A fine volumetric mesh was chosen for 
the conical frustum model and the air zone surrounding it, which in turn grows 
coarser further from the conical frustum.  Such a design has reduced the 
computational expense of CFD model while maintaining the ability to capture 
flow properties with sufficient accuracy close to the areas of interest within the 
conical frustum and the surrounding air.   
 
Mesh dependency study was carried out on four mesh resolutions to 
determine the mesh that produces mesh independent results.  The mesh 
resolution was varied by successive halving of the interval/segment size of the 
model edges staring from a coarse mesh (Mesh1) as shown in Table 7-7.      
 
Outflow 
Symmetry 
Boundary 
Wall Boundary
V in 
Symmetry Boundary 
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Figure 7.17: Unstructured tetrahedral Mesh 3 on the boundaries of the Warea/flow domain 
zone of the computational domain 
 
 
 
 
Figure 7.18: Close up of the unstructured tetrahedral surface mesh for Mesh 3 on the Skin 
zone of the computational domain 
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Figure 7.19: A central section through the central plane of Mesh 3 showing the internal mesh 
inside the flow domain highlighting the transition between the Skin and Warea zones      
       
 
Table 7-7: Four mesh resolutions that were used to conduct the mesh dependency study. 
Dimensions are in mm 
 
 Skin+Iair+Score (mm) Warea (mm) No elements 
Mesh 1 20.0 100.0 35.7k 
Mesh 2 10.0 50.0 229k 
Mesh 3 5.0 25.0 1,353k 
Mesh 4 2.5 12.5 6,014k 
 
CFD Model Inputs 
 
The flow was solved using the continuity and momentum equations illustrated 
in Chapter 3.  A uniform inlet velocity of 5 m/s was specified, neglecting the 
small variation of upstream velocity profile as a consequence of boundary 
layer growth along the wooden platform (see Section 7.1.2).  The turbulence 
kinetic energy k and energy dissipation rate ε were determined using the RNG 
k-ε turbulence model illustrated in Chapter 3.  The turbulence specification 
parameters for the velocity inlet boundary used in Fluent for this model are the 
turbulence intensity I and turbulence length scale l.  Past calibration tests 
have shown that the turbulence intensity I of the open jet wind tunnel ranges 
between 1% and 3% (Render 2008).  The maximum value of 3% was used for 
the model.  According to Equation 6.3 in Chapter 6, the turbulence length 
scale l was calculated to be 0.058 m.  The conical frustum skin porosity and 
permeability values that were obtained in Section 7.1.1 are assigned as the 
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porosity and permeability values for the model skin.  The operating pressure 
was assigned as the atmospheric pressure since the open jet wind tunnel was 
surrounded by the atmospheric pressure which was used to obtain the gauge 
pressure for both internal external static pressures.     
 
The governing equations were solved using Fluent’s segregated solver. 
Second order discretizaton schemes for the momentum, and turbulence 
kinetic energy and turbulence dissipation rate equations were used.  The 
employed pressure velocity coupling technique was SIMPLEC which is 
according to (Fluent 2005), improves convergence for problems with 
additional physical models like the porous media.  The pressure interpolation 
scheme used is PRESTO that is recommended by (Fluent 2005) for solving 
flow through porous media.  Convergence of the CFD simulation results was 
obtained when the residuals reached the value of 10-6.  
 
7.2.2 CFD Simulation Results and Analysis 
 
Mesh Dependency Study 
 
Grid dependence was examined on the four mesh resolutions ( 
Table 7-7) using isothermal, incompressible simulation of 5 m/s wind velocity.  
The dependency study was conducted by comparing the pressure difference 
across Skin zone (SP-IP) at the intermediate point SP90 at the upwind, lateral 
and downwind quadrants for each of the four meshes.  The differential 
pressure depends on the local flow acceleration which in turn depends on the 
velocity fields across the Warea and Skin zones.  The differential pressure for 
the three points of each mesh and the percentage change between Mesh1-2, 
Mesh 2-3, and Mesh 3-4 were recorded in Table 7-8. 
 
Based on the small percentage change between the values of Mesh 3 and 
Mesh 4 in Table 7-8, a grid independent solution can be obtained using either 
of the two meshes.  However, Mesh 3 was selected for meshing the CFD 
model since that it provides mesh independent results with less computational 
cost than that required for Mesh 4.  
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Table 7-8: Comparison of differential pressure at points SP90 for the four meshes and the 
percentage difference.  Units of Pressure difference SP90-IP90 are Pa. 
 
 Upwind Downwind Lateral 
 SP90 - IP90 % Change SP90 - IP90 % Change SP90 - IP90 % Change
Mesh 1 16.39 - -6.02 - -5.79 - 
Mesh 2 16.13 1.59 -5.73 4.82 -5.52 4.58 
Mesh 3 15.97 0.99 -5.56 2.97 -5.40 2.17 
Mesh 4 15.95 0.13 -5.53 0.54 -5.39 0.20 
 
CFD Predicted Flow Patterns 
 
To visualise the main features of the predicted flow field, the simulation 
domain was sectioned into two planes; one vertical plane (Vert) and one 
horizontal plane (Horz) as shown in Figure 7.20.  Vert and runs through the 
centre of the cone model parallel to the x-z plane whereas Horz runs parallel 
to x-y plane, 140mm above the computational domain base which 
corresponds to the wooden platform.   
 
 
 
Figure 7.20: Two planes sectioning the computational domain, x-z plane (Vert) and x-y plane 
(Horz) where the model outer and inner flow visualised 
 
As the flow approaches the upwind quadrant some of the flow seeps to the 
model interior through its porous skin (Figure 7.21) while the rest of the flow is 
displaced around the mound peripherals (Figure 7.22).  The flow closest to the 
Vert 
Horz 
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skin surface gradually decelerates until it separates (Figure 7.22) to form a 
wake flow.  The horizontal eddies in the wake regions (Figure 7.23) are 
smaller than those found in the study of the termite mound in Chapter 6.  
however, the shape of the wake flow predicted by the CFD simulation is 
similar to that described by Okamoto et al (1977) who studied the flow around 
a solid cone.  These eddy flows resulted in a predominantly upward flow 
tangent to the external skin surface as shown in Figure 7.21 and 7.23.   
 
 
 
Figure 7.21:  Path lines diagram for the external and internal flow stream on the Vert Plane 
showing the Wake flow and flow direction inside the mound   
 
Wake 
Flow 
direction  
 209
 
Figure 7.22: Velocity vector diagram for the flow of air surrounding the 3D model in the Horz 
plane showing the Wake flow. 
 
 
 
 
Figure 7.23: A close-up on the Wake flow in Horz Plane showing the vertical orientation of the 
flow in the wake and the internal flow in the four conduits where it is downward in the upwind 
conduits and upwards in the lateral and downwind conduits. Velocity is in m/s.  
 
Figure 7.24 shows the static pressure distribution on the external surface of 
the model skin in side view on the upwind, lateral and downwind quadrants 
and in plan view looking downwards on the top of the spire.  The external 
Wake 
Flow seperation 
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pressure distribution of the conical model is similar to that of the mound model 
in Chapter 6.  The upwind quadrant experienced the maximum pressure of 
13.27Pa due to partial stagnation of the flow on the upwind model surface.  
The local acceleration of the flow around the sides of the conical model and 
subsequent separation and wake formation resulted in lowering the external 
surface pressure at the lateral and downwind quadrants.  The minimum 
pressure of -16 Pa was experienced at the model solid cap due to its sharp 
edge that produced a sudden acceleration of the flow speed and hence 
maximum reduction of pressure.  As the case with the mound model, the 
lateral quadrants experienced lower pressure than that of the downwind 
quadrant due to high local flow acceleration.  The external pressure 
distribution of this conical model is very similar to that described in Okamoto 
et al (1977).   Unlike the mound model in Chapter 6 the area of the skin 
surface affected by the upwind positive pressure, increased toward the model 
base (Figure 7.24).  This is because of the uniform wind profile and the 
uniform cone vortex angle which is not the case for the mound model.  
 
As is the case in the mound model in chapter 6, the flow enters the mound in 
a direction perpendicular to the external skin surface at the upwind quadrant 
(Figure 7.21) due to the conical shape of the model skin.  Upon leaving the 
skin internal surface, the internal flow follows the least resistance path to the 
lateral and downwind quadrants where suction occurs (Figure 7.24).  Part of 
the inflow closer to the cavity in the model top is drawn with an upward angle 
towards the downwind and lateral quadrants.  The remainder of the flow 
closer to the upwind conduit is drawn downwards at a steep angle towards the 
cavity of the wooden box (Figure 7.21 and Figure 7.23).  The introduction of 
the solid core in the model core affects the path taken by the internal flow 
unlike the mound model in Chapter 6.  The flow leaves the bottom cavity via 
the central channel and two lateral conduits and one downwind conduit 
towards the suction pressure (Figure 7.21 and Figure 7.23).  At the lateral and 
downwind conduits, the flow leaves the mound surface at different levels with 
an angle perpendicular to the porous skin surface.  At the central conduit the 
flow continued upwards towards the model top leaving the model interior 
through the downwind and lateral quadrants (Figure 7.21).  The internal flow 
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in the upwind conduit was about 1½ times faster than the flow in each of the 
downwind and lateral conduits.  It is also double the flow speed at the central 
channel (Figure 7.23).  This is because the surface area of the outflow is 
almost three times that of the inflow.  This is similar to the trend of the internal 
flow predicted for the mound model in Chapter 6.      
 
 
 
Figure 7.24: Pressure contours diagram showing the external static pressure on the upwind, 
lateral, and downwind quadrants. All pressure readings are in Pa    
 
Comparison of Experimental and CFD Predicted Data  
 
The simulation external static gauge pressures were measured at a line that 
coincides with the location of the external pressure points SP10-SP260 on the 
conical frustum skin (Figure 7.12) in the wind tunnel experiment.  Similarly, the 
internal pressure in the CFD simulation was also obtained for the three points 
Lateral 
Upwind Lateral Downwind 
Top View 
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that correspond to the three pressure tappings IP10-IP170 (Figure 7.2).  The 
simulation external and internal pressure readings are reported alongside the 
corresponding wind tunnel measurements in Table 7-9 and Table 7-10. 
 
Table 7-9: External static pressure at the upwind, downwind, and lateral quadrants of wind 
tunnel experiment, and CFD simulation at locations SP10-SP260. All pressures are in Pa 
 
 Wind Tunnel CFD 
 SP10 SP90 SP170 SP260 SP10 SP90 SP170 SP260 
Upwind 12.10 9.40 7.10 2.20 13.24 13.21 12.17 4.80 
Downwind -6.40 -8.20 -9.00 -7.80 -6.23 -7.76 -8.34 -8.05 
Lateral -7.40 -7.30 -7.60 -12.80 -8.66 -8.47 -8.92 -14.40 
 
 
Table 7-10:  Internal static pressure at the upwind, downwind, and lateral quadrants of wind 
tunnel experiment 2 and the CFD simulation at locations IP10, IP90, and IP170. All pressures 
are in Pa 
 
 Wind Tunnel CFD 
 IP10 IP90 IP170 IP10 IP90 IP170 
Upwind -2.20 -2.20 -2.20 -2.83 -2.76 -2.72 
Downwind -1.80 -1.80 -1.80 -2.14 -2.20 -2.26 
Lateral -2.50 -2.50 -2.50 -2.92 -3.07 -3.27 
 
As shown in Table 7-9, the trend of the external static pressure agrees with 
the CFD simulation where the upwind static pressure and the lateral and 
downwind suction pressures generally decrease with the model height.  The 
predicted static pressure values at the upwind and lateral quadrants are 
somewhat greater than those obtained from the wind tunnel experiment.  The 
disparity between the experimental and CFD upwind external pressure values 
are most likely attributable to problems in the alignment of the measuring 
probe in a direction that Is perpendicular to the flow and interference of the 
pressure probe stand with part of the flow as shown in Figure 7.14. 
 
 
Table 7-10 shows that the experimental internal pressure readings are 
constant irrespective of height but the predicted internal pressure readings 
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vary slightly with height with a maximum difference between minimum and 
maximum values of 0.35 Pa.  The minimum value for measured and predicted 
internal pressure is present at the lateral quadrants which correspond with the 
highest lateral external velocity (Table 7-13).  This correlation between high 
velocity and low pressure also hold true for CFD predictions of surface 
pressure.  These differences between the surface pressure experimental and 
CFD predictions can also be attributed to the measurement technique as 
illustrated above.       
 
A further comparison is made of the difference between external and internal 
static pressures.  These are normalised pressure values as shown in equation 
7.5 to produce ∆Pratio.  This provides a simple criterion to compare the 
pressure difference that drives flow across the porous model skin.  
 
SP
IPSPPratio
−=Δ                  (7.5) 
 
Due to the absence of an internal pressure tapping at point SP260, Table 
7-11 only shows ∆Pratio values for points SP10-SP170.  The percentage error 
between the experimental ∆Pratio and the CFD simulation ∆Pratio in Table 7-11 
are given in Table 7-12, highlighting good agreement between measurements 
and predictions  
 
Table 7-11: The ∆Pratio ratios for the upwind, downwind, and lateral quadrants for experiment 
2 and the CFD simulation. 
 
 Wind Tunnel CFD 
 ∆P10 ∆P90 ∆P170 ∆P10 ∆P90 ∆P170 
Upwind 1.18 1.23 1.31 1.19 1.20 1.21 
Downwind 0.72 0.78 0.80 0.66 0.72 0.73 
Lateral 0.66 0.66 0.67 0.66 0.64 0.63 
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Table 7-12: The percentage error between the ∆Pratio of experiment 2 and the CFD simulation 
at the upwind, downwind, and lateral quadrants 
 
 % error 
 ∆P10 ∆P90 ∆P170 
Upwind 0.75 2.42 7.52 
Downwind 8.66 8.20 8.87 
Lateral 0.10 3.04 5.61 
. 
The external velocity data predicted by the CFD simulation are shown in Table 
7-13 alongside the corresponding wind tunnel velocity data.  The percentage 
error between the experimental and CFD velocity readings was recorded in 
Table 7-14.   
  
Table 7-13: External velocity in m/s at a distance of 25 mm on the upwind, downwind, and 
lateral quadrants at Experiment 2 and the CFD simulation at locations EV10-EV260. 
 
 Experiment 2 CFD 
 EV10 EV90 EV170 EV260 EV10 EV90 EV170 EV260 
Upwind 2.25 2.62 3.14 3.92 2.25 2.36 2.89 4.31 
Downwind 0.55 0.59 0.66 0.55 0.61 0.67 0.71 0.74 
Lateral 5.85 5.57 5.64 5.62 6.31 5.66 5.39 6.02 
 
Table 7-14: the percentage error between the experimental and simulation results external 
velocity results at the upwind, downwind, and lateral quadrants. 
 
 % error 
 EV10 EV90 EV170 EV260 
Upwind 0.00 9.92 7.96 9.95 
Downwind 10.91 13.56 7.58 35.23 
Lateral 7.86 1.62 4.43 7.12 
 
The comparison data in Table 7-12 and Table 7-14 shows the following: 
 
• The percentage error between the experimental and CFD ∆Pratio is less 
than 10%. 
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• The downwind ∆Pratio values produced the largest error which could be due 
to the turbulent nature of the flow in the wake or downwind region of the 
model.  The downwind turbulent flow has affected the reading of the 
pressure probe resulting in an inaccurate static pressure reading.  
• The lateral ∆Pratio produced the overall smallest percentage error which 
was predicted earlier due to the consistency of the Cps values for the 
lateral quadrant in the three wind tunnel experiments.  
• The percentage error for the external velocity readings produced values 
less than 10% apart from location EV90 for the downwind quadrant and 
locations EV10 and EV260 in the downwind quadrant.  This is due to the 
fact that the velocity is very low at this location; in conjunction with the 
higher turbulence levels in the downwind quadrant this result in less 
accurate experimental velocity measurements.  
• The discrepancies between experimental and CFD simulation results were 
generally small given the modest resources available for the wind tunnel 
experiment and the complexity of the external flow around a porous 
conical structure.   
 
7.3 Discussion and Conclusions 
 
A wind tunnel experiment was set up to validate the CFD simulation of flow 
through and around the porous skin of a structure with conical shape which is 
a simplified geometry not too far from the Macrotermes michaelseni mound.  
Three wind tunnel experiments were conducted on a conical frustum with skin 
thickness and permeability similar to that of the mound model in Chapter 6.  
The three experiments were conducted at wind tunnel velocities of 2.5 m/s, 5 
m/s and 7 m/s respectively.  The three results of the experiments were 
compared to establish validity of the experimental methodology to measure 
internal and external pressures and external velocities.  Reasonable 
consistency was established for static pressure coefficients especially for the 
lateral and downwind quadrants.  The intermediate wind tunnel velocity of 5 
m/s was chosen to perform the CFD validation study.  The simulation was 
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conducted on a numerical model representing the wind tunnel working area 
and the conical frustum model used in the wind tunnel experiments.   
 
The CFD predicted external flow patterns and pressure distribution for the 
conical frustum model are similar to those predicted by Okamoto et al (1977) 
for a solid cone and those predicted for the mound model in Chapter 6.  
However, the vortices generated in the wake region of the conical model are 
vertically oriented while the wake flow behind the mound model produced 
horizontal and vertical vortices.  This is mainly due to the difference in the 
geometry of the conical model and the mound, and also differences between 
operating conditions with faster, uniform, and less turbulent CFD model inlet 
velocity profile in the case of the conical model.  The area covered by positive 
upwind pressure is larger towards the model base due to the uniform wind 
profile and uniform cone vertex angle.  The flow was perpendicular to the 
porous model skin during the inflow and outflow as is the case with the mound 
model in Chapter 6.  The solid core of the conical model introduced different 
internal flow patterns where the flow direction was downwards in the upwind 
conduit and upwards in the central conduit and the lateral and downwind 
conduits.  At the model top, the flow directly travelled to the downwind and 
lateral conduits with an upward angle due to the absence of internal structure 
at this level.              
 
Normalised pressure differentials, where the external and internal pressure 
values are embedded, provided a credible comparison criteria between the 
experimental and CFD static pressure results.  The normalisation of the 
pressure values made it possible to compare static pressures with small 
magnitudes.  The predicted external velocity at distance of 25 mm was also 
compared with the wind tunnel results.  The comparison of the experimental 
and CFD simulation static pressure and external velocity results produced 
percentage errors that were generally less than 10%.   
 
Disparities between the experimental and CFD results on the upwind side are 
attributable to the method devised for measuring the external static pressure 
using the custom made pressure probe.  The higher percentage error found in 
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some of the downwind quadrant pressure and velocity results are caused by 
the turbulence generated in the flow wake region at downwind quadrant.  The 
modest size of the discrepancies between the wind tunnel experiment and the 
CFD simulation gives confidence that with careful attention to detail, valid flow 
predictions can be made with CFD in spite of the challenges associated with 
external flow around and inside a porous structure with conical shape.     
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8 Conclusions and Future Work 
 
 
This thesis has aimed to study the role played by the termite mound skin 
structure and external topology in directing and regulating air flows in and out 
of the mound interior while interacting with the external turbulent winds.  The 
geometry of the Macrotermes michaelseni termite species mounds was 
considered in detail following an extensive program of field work.  The flow 
environment was studied by means of computational fluid dynamics 
simulation of models representing the mound skin and the mound external 
structure.  The efficiency of air flow around and through the porous skin of 
termite mound is crucial for the success of the ventilation mechanism 
operating in these mounds.  Hence, this thesis has concentrated on 
examining the role of the mound skin in ventilating the termite colony. 
 
8.1 Mound Internal and External Topology 
 
The mound external topology was examined and divided into three main 
sections based on the variation in the mound external diameter.  The internal 
above and below ground conduits of the Macrotermes michaelseni mound 
and the nest were also investigated.  The interaction of the mound external 
geometry with the turbulent winds was studied to identify its role of directing 
flows in and out of the mound interior in light of porous make up of the mound 
skin.  The study of the mound and skin structure was based on four 
Macrotermes michaelseni mounds located in the Omatjenne Research 
station, Otjiwarongo, Namibia.  Three mounds were filled with plaster to reveal 
their internal structure. Two of the mounds were used to study the above 
ground conduits and the third was used to study the underground conduit 
structure and the nest.  The latter mound was digitally scanned to study the 
skin and egress channel structure in detail. It was also used to conduct an 
extensive quantitative analysis of the geometry of mound skin and egress 
channels.  This yielded the necessary dimensional data and mound modelling 
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parameters required for the development of CFD models in the remainder of 
this work. 
 
The analysis of the external and internal structures resulted in the following: 
• Egress channels are normally closed from the mound external surface; 
however, during conditions where permeability is decreased some of these 
channels are opened to the external surface as an urgency precaution to 
stop the termite colony from suffocating.  
• Egress channels are present across the height of the mound.  Egress 
channels at the spire section tend to branch and generally longer than in 
the rest of the mound.  
• The mound was divided into Top1000/spire, Mid500, and Bot500 mound 
sections based on the change in the mound cross sectional diameter.  
Surface conduits are present in the three mound sections, but the chimney 
and lateral connectives structure are absent from the Top1000.    
• A network of surface conduits is located directly below the mound skin 
across mound Mid500 and Bot500, and part of Top1000 mound sections.  
The mound spire is characterised by two to three surface conduits while 
the remaining space is completely filled with mound material.  The surface 
conduits network is highly connected laterally and vertically across the four 
quadrants which implies that air can travel vertically or laterally from one 
side of the mound to the other without necessarily flowing through the 
internal vertical conduits, lateral conduits and central chimney.  
• Lateral connectives are only present in the Mid500 and Bot500 mound 
sections.  In the Mid500 mound section the lateral connectives either 
connect surface conduits directly between two opposite mound sides or 
they connect the surface conduits to the chimney structure. 
• Surface conduits are connected to the underground structure via 
peripheral underground conduits that extend from the surface conduits at 
the Bot500 mound section of the nest structure.  These peripheral 
underground conduits connect to the nest at different heights. 
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• The air space in the fungus combs and the royal chamber is directly 
connected to the air space in the central chimney that rises from the nest 
core, and peripheral underground conduits.   
 
8.2 Mound Skin and Egress Channels 
 
Egress channels were thought to only act as access points to the external 
mound surface for repair purposes.  However, CFD and analytical analysis of 
flow through mound skin sections and the whole mound skin has revealed a 
possible flow regulation function for these channels.  Egress channels enables 
termites to build thick mound skin while maintaining a flow rate equivalent to 
that of a thinner skin which helps to maintain its structural integrity against 
erosion and predation, and provide the mound interior with a sufficient supply 
of fresh air.  The study considered three scenarios: of a mound with (1) no 
egress channels, (2) closed egress channels, and (3) open egress channels in 
the spire section only.  The model with the closed egress channel was 
expanded by generating different CFD models with varying egress channel 
geometry parameters to establish the sensitivity of air flow rate through the 
skin to these parameters.  The analysis of the skin and egress channel 
structures resulted in the following:   
• The presence of closed egress channels in a mound skin section allows 
almost doubles the flow through the same mound section with no egress 
channels.  
• The flow rate through a mound section with an open egress channel is 
about six times larger than that through the same mound section with no 
egress channel.  
• The flow through a mound section of a closed egress channel is highly 
sensitive to the variation in the egress channel depth from the skin external 
surface and not the skin thickness. 
• The presence of closed and open egress channels in the mound skin 
results in the generation of jet flows past the mound skin.  These provide 
extra momentum to the inflow of air, which promotes mixing between stale 
and fresh air in the surface conduits.   
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Based on this Micro-scale CFD analysis an order-of-magnitude estimation of 
the total rate of air inflow into the mound across the mound height was 
calculated to identify the effect of closed and open egress channels on the 
total intake of air by the mounds of Macrotermes michaelseni.  This study 
resulted in the following 
• The mound skin without egress channels would allow an inflow of air which 
is sufficient for the metabolism of the termite and fungus colony.  However, 
part of the air inflow leaves the mound without reaching the termite colony 
because of the flow resistance caused by the reticulated network of 
internal conduits and the turbulent nature of the external.   
• The presence of closed egress channels increases the air intake of the 
mound by 2.3 times that where no egress channels are present.  During 
rainy conditions about 1.3 times the amount of inflow under normal 
conditions (closed egress channels) is allowed by opening about half of 
the egress channels at the Top1000 mound section and part of the egress 
channels at the opposite side of the Bot500 mound section to compensate 
for the rest of the skin that was rendered impermeable by the rain water.   
• The rate of inflow through the mound Top1000/spire section is about 52% 
of the total rate of air flow through the mound Mid500 and Bot500 
combined.  This is largely due to the greater height of the spire section 
where the higher wind velocities and accordingly grater pressure gradients 
compared to the rest of the mound.  This is also due to the Top1000 
having the smallest egress channel depth from the skin external surface. 
 
8.3 Flow around and through the Mound Model 
 
The effect of the mound skin conical shape and the turbulent wind profile on 
the inflow to and outflow from the mound interior were studied in Macro-CFD 
analysis.  To make the full scale mound skin CFD simulation computationally 
feasible, the detailed geometry of the egress channels was eliminated but the 
resistance to flow of the mound skin was correctly represented by devising an 
effective mound skin thickness.  The pressure distribution and on the skin 
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external surface the internal and external flow patterns were discussed and 
compared to field measurements in previous literature. 
 
The Macro-CFD analysis of flow around and through the skin of a mound 
model in chapter 6 produced the following findings: 
• The flow enters the skin model interior through the upwind side and leaves 
it through the lateral and downwind sides.  The model external surface 
area through which the flow exits the model interior is about three times as 
large as the area through which the flow enters.  This causes the inflow to 
entre with higher speed than the outflow. 
• The air flow enters the model with a downward angle and leaves it with an 
upward angle due to the conical topology of the skin external surface.  The 
flow takes path of least resistance through the porous skin, entering and 
leaving the skin at right angles to the skin surface which itself is inclined by 
its conical shape. 
• The mound Top1000 mound section experiences the strongest suction 
pressure which results in some of the flow from the Mid500 mound section 
to leave the mound interior from the Top1000 lateral and downwind 
quadrants. 
• The results obtained in Macro-CFD simulation comply with the field 
measurements reported in Loos (1964) and Turner (2001).   
• The internal flow velocity magnitude in the Mid500 mound section is 
similar to that measured by Loos (1964) at the interior of the enclosed 
Macrotermes natalensis at the height of 1m (which corresponds to the 
height of the Mid500).  
• The measured external positive and negative pressures at Turner 
(2001) are maximum at the mound top and minimum at mound bottom 
which agrees to the predicted CFD simulation results.  The strongest 
suction pressure is experienced by the lateral mound quadrants.  The 
internal flow travels from the upwind to the lateral and downwind 
mound sides. 
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8.4 CFD Model Validation 
 
In the last stage of this thesis the CFD simulation of air flow around and 
through a conical shape with a porous skin using Fluent 6.2.12 was validated.  
The validation was achieved by comparing the internal and external pressure 
and external velocity measurements of a conical frustum in a wind tunnel with 
the corresponding CFD simulation results.  Some discrepancies were found 
between the experimental and CFD external pressure reading results due to 
the devised pressure measurement using a custom made pressure probe. 
The percentage difference between the experimental and CFD simulation 
results was generally less than 10%.  This level of discrepancy was 
considered acceptable as validation of the procedures used to conduct the 
CFD modelling reported in this thesis.  
 
8.5 Contributions of This Study  
 
Termite mounds designs have attracted attention from engineers of all 
disciplines because they incorporate natural ventilation mechanisms that rely 
solely on sustainable energy sources.  A number of attempts have been made 
in order to apply some of its design concepts in human buildings without a 
deep understanding of the underlying ventilation mechanisms.  This thesis is 
dedicated to uncover one of the design features that represents an important 
building block of the underlying ventilation mechanism.  The air flow around  
and through the porous skin structure of the enclosed Macrotermes 
michaelseni mound was studied.  The analysis conducted in this thesis 
represents a stepping stone towards the understanding of the ventilation 
mechanism that operate within these mounds.  More importantly, some of the 
findings can be used and applied to the design of human habitation to help 
achieve an efficient natural ventilation method. 
 
In modern architecture, walls are generally designed to act as solid barriers 
from the external environment.  They are built with minimal porosity and 
permeability to achieve the function of isolating the external environment from 
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the building interior.  However, termites build their mounds to act as 
membranes where the adequate amount of air is allowed to permeate to its 
interior.  Unlike windows that cannot prevent the turbulence and the 
associated discomfort to reach the internal environment when opened, the 
porous nature of such membranes damps the turbulence in the external 
environment while still letting air into the mound.  To maintain the stability and 
strength of the mound skin structure while permitting air flow into and out of 
the mound interior, termites incorporate the egress channels structure.  
Egress channels allow termites to regulate the amount of air in and out of the 
mound without necessarily altering the skin thickness.  Instead, termites 
change the length or structure of these channels to maintain the required flow 
of air through the mound that is required for the termite colony metabolism.  
Thus termites have succeeded to maintain the required air flow rates while 
maintaining separation from the wind turbulence and predation brought about 
from the mound external surroundings.  This new concept of walls design has 
the potential to provide an array of possibilities to the design of human 
buildings.   
 
The design of the external shape of buildings is usually directed to satisfy a 
certain look instead of serving a functional cause.  This might be an inherent 
feature of designing walls to serve as insulation from the external environment 
and the primary dependence on mechanical ventilation techniques rather than 
natural ventilation in the design of the majority of modern buildings.  The work 
discussed in this thesis has discovered the role of the external topology of the 
mound structure in the regulation of inward and outward flow of air.  The 
interaction between the turbulent wind profile and the conical shape of the 
mound external skin surface has resulted in directing the flow downward into 
the mound and upward out of the mound.  Moreover, this interaction between 
the mound shape and the external wind has produced an upward bias in the 
internal flow movement at the middle of the mound.  The introduction of an 
internal structure within the mound model would determine a different flow 
pattern inside the mound as predicted by the CFD simulation of the cone in 
the wind tunnel model.  Applying this concept to the design of human 
buildings could possibly provide a more efficient flow circulation due to the 
 225
pronounced external pressure gradients and greater wind velocities as a 
result of the greater building height.  The conical mound shape benefits from 
the constantly changing external wind direction especially if only one side of 
the mound is permeable (as is the case at rainy conditions).  Accordingly, the 
inflow and outflow of air would occur through the same side.   
 
8.6 Limitations of this Study 
 
This research has successfully managed to reveal two key processes that are 
integral of the mound underlying ventilation mechanism.  The external flow 
around the mound conical surface was simulated and analysed to highlight 
the role the conical shape of the mound plays in directing the flow in and out 
of the mound and in driving the flow inside the mound.  The flow through the 
mound skin was examined more closely to uncover the important design 
feature of egress channels and how they are designed to regulate the flow 
into the mound interior.  The present research is characterised by certain 
limitations as follows: 
 
• The conducted CFD simulation was steady state and not transient.  The 
simulation assumes that the boundary conditions do not vary with time.  
The steady state simulation eliminates the complications associated with 
the transient simulation which greatly increases the simulation time.  This 
has helped to focus the effort and attention to investigate the effect of the 
unique external and internal mound skin geometry on directing the in and 
out flows and on controlling the mean flow rate through the porous mound 
skin.  A transient CFD modelling would have been essential to study the 
tidal flow and possible additional mixing of stale and fresh air associated 
with varying wind direction.   
• The reconstructed 3D Macrotermes michaelseni mound model was used 
to study the mound and skin structures but it was not feasible to simulate 
the flow around and though the actual mound.  The external shape of the 
reconstructed mound model is too complex to mesh using Gambit 2.3.26 
and would have resulted in a CFD model with an extremely large number 
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of mesh cells or many skewed tetrahedral elements which cause an 
unstable simulation.  Moreover, the level of detail within the mound internal 
structure requires a very fine mesh resolution which would result in a large 
model size that the CFD simulation workstation cannot cope with.  
Improved computing resources would be required to simulate the flow in 
and around the actual mound. 
• The flow in and out of the mound was represented by the egress channels, 
which are the elements of highest flow resistance.  Hence, the rates of flow 
through the mound skin are sensitive to the skin structure and the internal 
and external surface pressure gradients.  The density of the egress 
channels was based on measurements of the mound Top1000 mound 
section.  The reconstructed 3D mound model was built with minimal 
egress channel details so that it is produced with file size that is 
manageable by the computer used to reconstruct the mound 3D model.  
The only images available for egress channels during the mound reveal 
process are available for mound spire.  Further investigations to quantify 
the number density of egress channels in other regions of the mound skin 
would be beneficial.  However, this uncertainty may not have a major 
impact on the findings of this study because the Top1000 is the most 
efficient in terms of inducing air flow through the mound.  It admits just 
under 70% of the mound total inflow of air. 
• The wind tunnel model was not 1:1 scale of the CFD mound skin 3D model 
in absence of a wind tunnel that can accommodate a 2m high mound with 
modest blockage.  It was also not feasible to construct a porous skin 
model of this scale.  A scaled-down model that is identical to the CFD 
model of the mound skin was not possible due to the Reynolds number 
complications associated with the scaling down of CFD model.  The option 
of using a salt bath instead of the wind tunnel to conduct the flow 
experiment on the scaled down model would was not feasible for the 
possibility of distorting and deforming the porous skin made from gauze 
and glass beads by the water flow.   
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8.7 Suggestions for Future Work 
 
• In order to identify the ventilation mechanism within termite mounds, an 
improved representation of the internal mound geometry based on the 
reconstructed 3D model should be used to simulate the flow within the 
mound interior.  The flow rate through the mound skin and pressure 
distribution on the mound skin internal surface that were produced in this 
thesis can be exported to a new CFD model that only includes the mound 
internal structure.  The new CFD model which does not include the skin 
and external wind environment will have the advantage of minimising the 
CFD computational domain.   
• Conduct a CFD simulation on a mound model with more realistic external 
shape that mimics the angled spire of the reconstructed mound to study 
the effect of the tilted spire on the flow rate through the mound.  
• Study the effects of transient wind, i.e. changing wind direction, speed, and 
intensity with time, on the resulting external pressure distribution and 
accordingly the resulting flow through and around the mound skin. 
• Study the effect of the solar radiation in conjunction with the external 
turbulent winds on the flow rate through the mound skin and the induced 
ventilation mechanism which would help explain how the termite and 
fungus colony is ventilated during wind lulls.   
• Research the possibility of designing and/or improving a smart porous 
material that can behave in responsive manner to the external 
environmental conditions.  Such a material has the ability to automatically 
maintain the required flow rate of fresh air through its structure.  This 
material can be used in the construction industry to build human buildings 
with adaptive walls that can accommodate different environmental 
conditions as is the case with mound skin and the built in egress channels. 
• Study houses and buildings that are all or in parts built with porous walls.  
The study would assess the suitability of such buildings for achieving 
satisfactory levels of comfort within modern human habitation.    
• Design buildings with external shapes that are not only focused on 
satisfying a specific look but also has natural ventilation functional 
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features.  For example buildings can be designed with the combination of 
a conical shape and porous walls which would improve the air circulation 
naturally with no or less dependence on mechanical ventilation 
mechanisms.      
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APPENDIX A 
 
A.1 PLC and Control Box Electric Diagram 
 
1. Main circuit isolation Device 2 pole, 32 A 
2. Emergency Stop 
3. Fuse 
4. PLC, 12 IN 220/110V, 8 Relay OUT 
5. Power supply to X Motor inverter Input terminal 
6. Power supply to Y Motor inverter Input terminal 
7. Power supply to Cutter Motor inverter Input terminal 
8. Power supply to LED counter 
 
• PS: program switch ON/OFF 
• M/A: switch between automatic and manual control 
• Lx1-Ly4: limit switches input to PLC 
• XF: X motor inverter clockwise signal 
• XR: X motor inverter anti-clockwise signal 
• YF: Y motor inverter clockwise signal 
• YR: Y motor inverter clockwise signal 
• CT: count signal to counter 
• CR: counter reset signal 
• CtF: Cutter motor clockwise s 
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A.2 PLC Program for Mound Base 
 
Inputs: Lx1, Lx2, Ly1, Ly2, Ly3, Ly4 (limits Switches), PS (program switch), 
A/M (turn On/Off automatic control) 
 
Outputs: XF (X-Motor Forward), XR (X-Motor reverse), YF (Y-Motor 
Forward), Y R (Y -Motor reverse), CtF (cutter inverter forward), CT (count to 
counter), CR (counter reset). 
 
 
 
 
 
Program Steps: 
  ,  
Table A.1: Summary of the PLC program steps and the resulting PLC port signal 
 
Conditions (ON) Actions 
A/M • PLC program ON 
PS • CT ON 
Lx1 + Ly1 + PS 
Dlatch 
Lx2 
• XF ON 
• XR OFF 
• YF OFF 
• YR OFF 
Lx2 + Ly1 + PS + A/M
         Dlatch 
          Ly2 
• XF OFF 
• XR OFF 
• 5s ON delay YF ON  
• YR OFF 
Lx2 + Ly2 + PS+ A/M 
Dlatch 
Lx1 
• XF OFF 
• 5s ON delay XR ON  
• YF OFF  
• YR OFF 
Lx1 + Ly2 + PS+ A/M 
          Dlatch 
          Ly3 
• XF OFF 
• XR OFF 
• 5s ON delay YF ON  
• YR OFF 
Lx1 + Ly3 + PS+ A/M • 5s ON delay XF ON 
Lx1 + Ly1 
Return to home (Lx1 + 
Ly4 ? Lx1 + Ly1 
Lx2 + Ly1 
Lx2 + Ly2 
Lx1 + Ly2 
Lx1 + Ly3 Lx2 + Ly3 
Lx2 + Ly4 Lx1 + Ly4 
Home position 
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Dlatch 
Lx2 
 
 
• XR OFF  
• YF OFF  
• YR OFF 
Lx2 + Ly3 + PS+ A/M 
        Dlatch 
         Ly4 
• XF OFF 
• XR OFF 
• 5s ON delay YF ON  
• YR OFF 
Lx2 + Ly4 + PS+ A/M 
Dlatch 
Lx1 
• XF OFF 
• 5s ON delay XR ON  
• YF OFF  
• YR OFF 
Lx1 + Ly4 + PS+ A/M 
 
• XF OFF 
• XR OFF  
• YF OFF  
• YR OFF 
Lx1 + Ly4 + A/M 
         Dlatch 
          Ly1  
• CtF OFF 
• CT ON (pulse) 
• XF OFF 
• XR OFF  
• YF OFF  
• YR ON 
Lx1 + Ly1+ A/M 
 
• ALL OFF 
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A.3 
 
Mound M4 skin thickness ts (Table A.1), and Egress channel depth de and 
egress channel diameter d (Table A.2) that are measured using Slice-and-
Scan images for the Top1000 (30 images), Mid500 (15 images) and Bot500 
(15 images) mound sections, 
 
Table A.2: The measured skin thickness ts for the three mound sections. 
 
ts 
Top1000 Mid500 Bot500
45.4 35.53 39.48 
38.61 13.50 58.23 
52.31 38.52 16.67 
47.38 36.00 27.60 
40.47 36.52 31.00 
44.42 36.52 21.71 
82.91 24.68 44.42 
54.29 35.48 30.50 
52.31 9.87 30.60 
67.12 23.60 25.70 
58.23 25.26 42.56 
38.49 34.30 18.67 
76.99 33.79 46.45 
42.44 23.30 34.50 
35.53 38.25 45.60 
81.00 37.69 33.40 
60.00 35.53 39.48 
44.00 13.50 58.23 
64.10   
32.54   
42.31   
57.24   
31.43   
73.29   
66.78   
78.65   
48.10   
39.44   
33.40   
51.70   
59.00   
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Table A.3: The measured egress channel depth de and diameter d for the three mound 
sections. 
 
Top 1000 Mid 500 Bottom 500 
de d de d de d 
1.97 4.44 22.7 3.95 23.69 4.94 
2.96 3.95 1.9 4.00 35.51 4.94 
1.97 3.95 31.8 3.17 3.35 3.00 
3.95 3.95 20.4 3.00 11.00 3.50 
5.92 3.45 25.66 3.95 18.5 4.50 
3.95 3.95 9.87 3.95 13.22 3.95 
3.95 3.95 8.88 4.94 22.70 3.95 
17.77 4.94 24.2 4.94 30.58 2.96 
12.83 4.94 1.97 4.94 6.91 4.94 
6.91 4.94 10.48 3.95 32.47 4.50 
3.95 3.95 17.78 4.30 10.32 3.95 
3.95 3.95 23.67 3.95 7.70 2.96 
4.94 3.95 12.88 4.94 14.18 4.94 
5.92 4.94 26.47 3.95 27.12 3.95 
4.94 4.94 9.66 3.17 29.28 3.00 
7.7 4.50 14.7 4.94 12.14 4.94 
4.34 4.00     
1.64 4.00     
2.35 3.95     
3.95 4.94     
7.9 4.0     
1.97 4.94     
10.25 3.45     
2.55 4.00     
15.28 3.95     
4.94 3.45     
1.64 4.00     
4.94 4.95     
2.96 4.00     
3.95 4.94     
2.96 4.94     
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APPENDIX B 
 
 
B.1 
 
In tables B.1-C.3 the parameters SW, SSW, and SSB used in the One Way 
ANOVA analysis conducted in Chapter 6 are listed.  
 
SW = (Mean t*- t*)2 
SSW = ∑SW 
SSB = 9 x (Grand Mean t*- Mean t*)2 
 
Table B.1: Statistical analysis for the Top1000 mound section effective t* values by generating 
the within group sum of squares SSW and the between groups sum of squares SSB to be 
used in the ANOVA analysis. All dimensions are in mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Top1000 
Model t* SW  SSW  SSB 
B1 9.77 53.85   
B2 10.86 39.12   
B3 11.59 30.48   
B4 13.77 11.20   
B5 14.80 5.33   
B6 15.71 1.97   
B7 24.21 50.44   
B8 26.15 81.76   
B9 27.15 100.69   
   374.84 98.86
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Table B.2: statistical analysis for the Mid500 mound section effective t values by generating 
the within group sum of squares SSW, and the between groups sum of squares SSB to be 
used in the ANOVA analysis. All dimensions are in mm  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B.3: statistical analysis for the bottom 500 mound section effective t values by 
generating the within group sum of squares SSW, and the between groups sum of squares 
SSB to be used in the ANOVA analysis. All dimensions are in mm  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mid500 
Model t* SW  SSW  SSB 
B10 9.32 134.68   
B11 10.15 116.02   
B12 10.59 106.61   
B13 19.31 2.57   
B14 23.32 5.76   
B15 24.33 11.61   
B16 28.19 52.84   
B17 29.53 74.17   
B18 33.54 159.15   
   663.46 2.18
Mid500 
Model t* SW  SSW  SSB 
B10 10.25 169   
B11 11.96 127.34   
B12 12.86 107.89   
B13 20.61 6.98   
B14 25.81 6.56   
B15 27.30 16.44   
B16 30.60 54   
B17 32.83 91.81   
B18 37.02 189.53   
   769.57 71.66
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B.2 
 
Table B.4: The measured wind speed in the vicinity of a Macrotermes michaelseni mound in 
the Omatjenne Research station, Namibia that was recorded in (Turner 1997)  
 
Wind Speed (at 0.5m) Wind Speed (at 1.5m) Wind Speed (at 2.5m) 
1.3 2.7 3.1 
1.3 2.2 2.7 
1.3 2.7 2.7 
0.0 0.4 0.9 
2.2 3.1 3.6 
4.0 4.5 4.9 
1.3 2.2 2.7 
0.9 1.9 2.2 
0.4 1.8 1.8 
0.0 0.4 0.4 
0.4 0.9 0.4 
0.4 0.9 1.8 
0.4 0.9 1.3 
0.9 0.9 2.2 
1.3 0.9 0.4 
1.3 1.3 1.3 
0.9 2.7 1.8 
0.0 1.8 3.1 
0.9 0.9 1.8 
1.8 1.8 1.8 
1.8 0.9 1.3 
1.3 2.7 0.9 
1.3 2.2 2.7 
0.9 0.9 2.7 
0.4 1.3 4.0 
0.4 0.9 2.2 
0.4 0.9 3.1 
0.4 1.3 1.3 
0.9 0.9 1.3 
0.0 1.3 0.9 
0.4 1.3 1.3 
0.4 1.8 0.9 
0.4 1.8 0.9 
0.9 4.0 1.8 
1.8 2.7 1.8 
2.7 3.6 3.6 
2.2 4.5 3.6 
2.7 2.7 4.9 
2.2 2.7 4.9 
2.2 2.2 2.7 
0.0 2.2 3.1 
0.9 1.3 3.6 
0.9 1.3 3.1 
0.9 1.8 1.3 
0.9 1.3 3.6 
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1.8 1.8 1.3 
0.4 0.4 2.2 
0.0 0.9 1.8 
0.9 1.3 1.8 
0.1 0.4 0.9 
0.0 0.4 1.3 
0.0 0.9 2.2 
0.0 1.3 1.3 
0.4 1.3 1.3 
0.9 3.1 0.9 
0.9 1.8 1.3 
1.8 2.7 1.3 
1.8 2.7 1.3 
1.8 2.2 2.2 
2.2 1.8 3.6 
1.8 3.1 2.2 
2.7 1.9 3.1 
0.9 2.7 4.0 
2.2 1.8 1.3 
1.3 2.7 3.6 
1.3 1.3 2.2 
0.4 2.7 2.7 
0.4 0.9 1.8 
0.0 0.9 2.7 
0.0 0.4 0.9 
0.4 1.9 1.8 
0.9 0.9 1.8 
1.3 1.8 1.8 
0.9 1.8 1.3 
1.8 0.9 1.8 
0.0 1.8 1.3 
0.4 0.9 1.8 
0.9 1.8 1.8 
1.3 1.3 0.4 
1.3 1.3 1.8 
0.9 2.2 1.8 
0.9 1.8 0.4 
0.9 1.8 2.2 
1.3 1.3 1.3 
0.9 0.9 1.8 
0.4 2.7 0.9 
1.3 2.7 2.2 
2.2 1.8 2.7 
0.9 2.2 1.8 
0.4 1.8 3.6 
1.3 3.6 2.2 
1.3 0.9 3.1 
0.9 0.9 2.7 
0.0 3.1 1.3 
1.8 1.8 1.3 
1.3 1.8 3.6 
0.9 1.8 2.7 
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0.9 1.3 2.7 
1.8 2.7 1.8 
0.9 2.7 2.2 
1.3 2.2 2.2 
0.4 0.9 2.7 
0.4 0.4 1.8 
1.3 1.8 1.8 
1.3 2.2 0.9 
0.9 1.8 2.7 
1.3 3.1 2.7 
2.2 1.3 2.2 
 
 
B.3 
 
Below is the UDF code in C++ that was used to model the velocity input 
profile for the 3D CFD models 
  
/*********************************************************************** 
vprofile.c 
UDF for specifying steady-state velocity profile boundary condition 
************************************************************************/ 
/* in order to identify the primary two coordinates which the velocity profile 
change at, you need to identify 
the variable in line 10 whether it belongs to which coordinate so if it belongs to 
y (identify as y=x[1]) 
and if ut belongs to z (identify as z=x[2] */ 
 
#include "udf.h" 
DEFINE_PROFILE(inlet_x_velocity_xz, thread, position) 
{ 
real x[ND_ND]; /* this will hold the position vector */ 
real z; 
real v; 
face_t f;  
 begin_f_loop(f, thread) 
 { 
 F_CENTROID(x,f,thread); 
 z = x[2]; 
 v = 0.279 * pow(z,3) - 0.3586 * pow(z,2) + 0.5747 * z + 1E-13; 
  if (v <= 2.2) 
    F_PROFILE(f, thread, position) = v; 
  else   
     F_PROFILE(f, thread, position) = 2.2; 
 } 
 end_f_loop(f, thread) 
} 
 
/***********************************************************************/ 
 
